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ABSTRACT
Metallothioneins (MT) are widely occurring proteins characterized by low 
molecular weights and extremely high metal and sulfur content. Mammalian forms 
usually contain seven diamagnetic metal ions such as Zn(II) and/or Cd(II) and 20 
cysteine residues An understanding of the physiological role(s) of MT requires the 
elucidation of the nature and type of metal clusters, and the mechanism of assembly 
in MT.
The stepwise incorporation of Co(II) ions into apo-metallothionein-2 from 
rabbit liver has been monitored by UV-visible absorption, low temperature magnetic 
circular dichroism (MCD), and EPR spectroscopies. Interpretation of the results 
has been facilitated by parallel spectroscopic studies of synthetic cobalt thiolate 
complexes, ( i.e. [Co(S2 -o-xyl)2]2', [Co(SR)4]2', [Co4 (SR)i0]2'  ; R = Et ot Ph) and 
cobalt(II) - substituted rubredoxins. Low temperature MCD spectroscopy has 
enabled selective investigation of the electronic and magnetic properties of the 
constituent cobalt thiolate centers in MT. These results for fully metal saturated 
Co(II) - MT are consistent with both tetranuclear and trinuclear cobalt clusters 
having S = 0 and S = 3/2 ground states respectively. Since only the trinuclear 
cobalt thiolate cluster exhibits temperature dependent MCD bands, this technique 
provides a method of selectively investigating the magnetic properties and 
monitoring the assembly o f this type of center. Based on comparison of the
xv
electronic and magnetic properties of the cobalt thiolate clusters in metallothionein 
with crystallographically-defined model complexes, it is suggested that the 
tetranuclear center has an adamantane type structure. Detailed studies of the 
temperature dependence o f MCD bands for the adamantane type cluster, 
[Co4 (SEt)10]2', indicate an S = 0  ground state, resulting from antiferromagnetic 
coupling between four S = 3/2 Co(II) ions with an S = 1 state 6 6  cm ' 1 higher in 
energy.
Low temperature MCD and EPR data for samples of MT with between zero and 
seven equivalents of cobalt show that cluster formation (i.e. utilization of bridging 
thiolates) ensues after the addition of approximately three equivalents of cobalt. 
Significant formation of the paramagnetic trinuclear clusters only occurs on addition 




Metallothioneins (MT) constitute a class of low molecular weight metal and 
sulfur rich proteins which are widely distributed in nature. All known mammalian 
forms contain 20 cysteinyl residues in a total of 61 amino acids. All cysteines are 
conserved in the sequence and are serving as ligands for binding a total of 7 
diamagnetic metal ions. Zn and Cd are the major natural metallic constituents of 
mammalian metallothioneins. However, MTs can have widely varying metal ion 
composition. The composition of MT preparations with respect to different metal 
ions varies with the organism, the tissue of origin, previous exposure or 
administration of metal ions, and the stage of development. The biosynthesis of 
metallothioneins can be induced by different metal ions, by glucocorticoid 
hormones, and by a variety o f stress conditions through transcriptional regulation. 
Spectroscopic studies have provided unambiguous evidence that the 7 Cd/Zn ions in 
Cd,Zn - MT are bound in a tetrahedral microsymmetry and that these metals are 
arranged in two separate metal thiolate clusters containing three and four metal ions 
located in domains formed by the NH2  - and COOH-terminal halves of the 
polypeptide chain, respectively. Recently, both the three-dimemsional solution 
structure of rabbit liver Cd7 - MT 2 and the X-ray structure of rat liver (Zn2Cd5) - 
MT 2 have been determined using 2D NMR and X-ray crystallography, 
respectively. The overall mode of metal binding within these clusters was found to 
be identical, however the structures were at variance with each other in details of the 
organization of the cysteine residues for both the metal clusters. Spectroscopic
studies indicate that MT does not possess a rigid structure, but has considerable 
structural flexibility which permits the existence of multiple configurational substates 
whose relative populations are controlled by conditions such as temperature and 
ionic strength. Therefore, the crystalline structure is probably only a minor 
configurational substate of the protein in solution. Experimental results on the order 
and cooperativity of metal binding of the two clusters in MT are inconclusive, but 
suggest the pathway followed in metal binding in MT depends both on the metal 
species and the choice of experimental conditions. Thus, despite extensive research 
on metallothioneins, there are still many questions with regard to the mode of 
binding and organization of the different metals. Therefore, further metal binding 
studies are needed to determine the mechanism of assembly of the clusters in MT. 
Elucidation of the mechanism of the assembly of the clusters in MT is extremely 
important considering that the differences in the binding pattern of Cd and other 
metals may be important in cell recognition systems and may permit the distinction 
between the different metal forms of MT.
The wide occurrence o f MTs in nature and the remarkable preservation in 
evolution of the metal binding cysteine residues implies their involvement in some 
important role in metal biochemistry and physiology. MT and their genes are 
consistent with several potential kinds of physiological activity such as: (1) MT 
may act as a zinc storage protein that plays a true homeostatic role in the metabolism 
of zinc ion. The protein may function to activate Zn requiring apoenzymes and 
regulate cellular metabolism. (2) The protein may have a detoxifying function with 
regard to cadmium and copper, and minor role in copper metabolism. (3) The genes
may be involved in the control of cell differentiation and proliferation. (4) The 
proteins may act as free radical scavengers, and they are synthesized in response to 
ultraviolet radiation. A unique physiological role for MT has yet to be ascertained. 
Therefore, additional studies of the organization of the clusters in MT and the 
dynamics of their formation are necessary for the proper assessment of the role(s) 
played by this protein in cellular processes.
Replacement of the native metal at active sites of metalloenzymes and 
metalloproteins by other transition metals has been a useful technique in identifying 
metal binding groups and in probing for alterations in coordination geometry. 
Generally, such substitutions do not alter the overall protein conformation or 
structure and often preserve the catalytic function. Cobalt (II) has been substituted 
for a number of zinc metalloenzymes and metalloproteins, including proteins such as 
carboxypeptidase A, carbonic anhydrase, alkaline phosphatase, yeast aldolase, 
phosphoglucomutase, myoglobin, hemoglobin, horseradish peroxidase, liver 
alcohol dehydrogenase, stellacyanin, and Pseudomonas oleovorans rubredoxin. 
These studies have shown Co(II) is an extremely suitable probe for the structure of 
the metal binding sites because of its similarity to zinc in its coordination properties 
and its paramagnetism and sensitivity of its visible spectrum, especially in the d-d 
transition region, to changes in coordination geometry.
In this work, the stepwise incorporation of Co(II) ions into apo-metallothionein 
2  from rabbit liver was studied in order to determine the organization of the metal 
clusters and the mechanism of assembly in Co(II) - substituted metallothioneins. 
Low temperature MCD and EPR spectroscopy combined with UV-visible absoiption
studies were used to characterize the electronic and magnetic properties of the 
constituent Co(II) - MTs. Although cobalt(II) - metallothioneins have been 
investigated by UV-visible and EPR spectroscopies, prior to the inception of this 
study, no low temperature MCD had been published. Low temperature MCD 
constitutes an alternative optical technique to probe electronic and magnetic 
properties of metal centers in biological systems. In particular, the technique is well 
suited to the study of paramagnetic chromophores and has been widely applied to 
study iron sulfur clusters, hemes, and copper in several different proteins. Low 
temperature MCD has several advantages over other conventional spectroscopic 
techniques that are used to obtain magnetic ground state information. It is applicable 
to all paramagnetic chromophores, and can selectively monitor the optical transitions 
from a particular paramagnetic metal center in a multicomponent system. In addition 
to the form of the MCD spectrum, i.e. the sign, frequency, and intensity of the 
bands, information concerning the ground state can be obtained by detailed 
investigation of the magnetic field and temperature dependence of discrete MCD 
transitions, called magnetization curves. Electronic paramagnetic resonance 
spectroscopy has been used for a long time in the study of metalloproteins. This 
technique has proven to be highly sensitive and selective. The technique is limited 
with respect to cobalt(II) centers in metalloproteins since the signals are broad due to 
the large g-value anisotropy and relaxation effects.
A range of appropriate synthetic and biological model systems were investigated 
to facilitate the inteipretation of the spectroscopic data on Co(II) - metallothioneins. 
MCD results for Co(II)-substituted rubredoxins from Clostridium pasteurianum and
Desulfovibrio gigas and Co(II)-substituted desulforedoxin from Desulfovibrio 
gigas facilitated the inteipretation of the data for Co(II) metallothioniens with one 
or two cobalt atom(s). The following mono-, bi-, tri-, and tetranuclear nuclear 
complexes were studied [Co(SPh)4]2", [Co(S2 -o-xyl)2]2", [Co(SEt)4]2‘, 
[C o^S E t)^2', tCo3S(S2-o-xyl)3]2-, [Co4 (SPh)10]2-, and [Co4 (SEt)10]2- [SPh = 
benzenethiolate, (S2 -o-xyl) 2 = o-xylene-oc,a'-dithiolate, and SEt = ethanethiolate]. 
In each complex Co(II) has a approximately tetrahedral environment of sulfur and 
constituted a possible analog of the biological coordination of Co(II) in 
metallothionien. Low temperature MCD results of the cobalt thiolate complexes 
demonstrate that this technique provides an excellent method of differentiating 
between transitions originating from mononuclear and tetranuclear cobalt thiolate 
complexes. On the basis of a qualitative and quantitative comparison between the 
MCD profiles of Co (II) - metallothioneins and those of Co(II) model systems, low 
temperature MCD was used to elucidate the nature of the multiple Co(II)-thiolate 
centers in MT and to establish a mechanism of metal cluster assembly in 
Co(II)-substituted MT. Prior to this work, low temperature MCD had not been 
applied to the study of Co in any biological system. Therefore, this research was 
also important in the development of low temperature MCD spectroscopy as a means 
of identifying and monitoring Co-S centers in metalloproteins.
2.0 SPECTROSCOPIC TECHNIQUES
2.1 UV-VISIBLE ABSORPTION SPECTROSCOPY
Electronic absorption spectra originate from the promotion of electrons from the 
ground state to an electronic excited state. Only some aspects of interest concerning 
transition metal coordination compounds will be discussed. The theory of electronic 
absorption spectroscopy is well developed and several good reviews are available, 
therefore it will not be considered here.
Electronic absorption bands are observed in the UV, visible* and near IR 
regions of the spectrum for transition metal elements. Crystal field theory and ligand 
field theory can easily explain the transitions observed for transition metal 
complexes (1-5). The transitions arising from transition metal complexes are usually 
of 2  types: 1) ligand field or d-d transitions, which are mainly localized in the 
transition metal ion and are usually broad and weak, and 2 ) charge transfer 
transitions, which involve displacement of charge between the metal ions and the 
ligands, and are usually stronger and localized at higher energy than d-d transitions.
The selection rules that control electronic transitions can be summarized as (2):
(1) The transition dipole moment integral must be nonzero in order to observe the 
transition.
(2) For molecules with a center of symmetry, only g — > u or u — > g transitions 
are allowed.
(3) Only transitions between states of the same spin multiplicity are allowed.
(4) According to Laporte's rule, electronic transitions must involve a change in orbital
angular momentum.
(5) Only one electron transitions are allowed.
According to the above selection rules, d-d transitions are formally forbidden. 
However in transition metal complexes, factors such as the Jahn-Teller effect, 
spin-orbit coupling, and vibronic coupling remove the degeneracy of the molecular 
orbitals and cause some of the formally forbidden transitions to be allowed.
Generally, electronic absorption spectra provide a great deal of information 
concerning the structure of transition metal compounds. Specifically, they can 
provide a description of the electronic and geometrical structure of the metal ion site.
This work will mainly deal with cobalt - sulfur chromophores. The Co(II) ion 
has a d7 configuration and both high spin and low spin complexes exist. The 
electronic spectra of Co(II) in its various stereochemistries are now quite well 
known (6 ). Studies of a large number of Co(II) complexes have shown that the low 
energy d-d absorption spectra are so characteristic that the geometry of a complex 
can be reasonably predicted from its spectrum. Only a descriptive survey of typical 
spectra features pertinent to tetrahedral Co(II) chromophores will be covered here.
The three quartet-quartet transitions that are possible for tetrahedral high spin S 
= 3/2 cobalt complexes are shown in the simplified energy diagram in Fig. 2-1.
The lowest energy band vj is not often observed, it is weak since the transition is 
forbidden for electric dipole absorption in pure Td symmetry. It also lies in the IR 
region where it is frequently overlapped by vibrational bands. The (v2) 4 A2—> 
4 Tj(F) and(v3) 4 A2 — > 4 Tj(P) bands lie in the near IR and visible regions, 
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Figure 2 - 1 .  Simplified energy level diagram for a d7 ion in 
tetrahedral coordination.
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v2  and 102 - 2 x 103 M ' 1 cm'^ for V3 . Both v2 and v3 bands show considerable 
broadness and fine structure. The origin of the fine structure is attributed to a 
combination of spin orbit coupling and low symmetry crystal fields that remove the 
excited state degeneracy.
In Cd and Zn metalloproteins, Co(II) has been substituted because of its 
conspicuous chromophoric and magnetic properties. Also, the ionic radii of Co and 
Zn are similar, and these elements share the capacity to accept distorted geometries. 
Therefore, Co(II) is useful in studying the metals in metalloproteins. Studies of 
visible, and UV absorption bands of metalloproteins provide an important means of 
characterizing the metal ion environments, being related as directly as they are to the 
electronic structures of the ground states and the electronic excited state of the metal 
complexes. Characterization of the metal centers in the metalloproteins is made 
easier by comparison with model compounds.
2.2 M AGNETIC CIRCULAR DICHROISM
Plane polarized light can be considered the resultant of two propagating rays of 
equal frequency and intensity, one left and one right circularly polarized (Fig. 2-2a), 
that in free space propagate with equal velocity along the same axis (designated by 
convention as the positive z-axis). When plane polarized light passes through an 
optically active substance, a rotation in the plane of polarization occurs as a result of 
a difference in the refractive indices of left and right circularly polarized light (Fig. 
2-2b). This rotation, caused by the presence of chiral centers, is termed optical
Figure 2 - 2 .  (a) Plane polarized light as a result of two circularly polarized
beams, (b) Optical activity as result of a difference in 
refractive indices for left and right circularly polarized light, 
(c) Optical activity as a result of a difference in absorption 
of left and right circularly polarized light
rotary dispersion (ORD). Alternatively, optical activity can result from a difference 
in the absorption coefficients for left and right circularly polarized light. This results 
in elliptically polarized light and is termed circular dichroism (Fig. 2-2c). To 
observe CD or ORD the sample must have a chiral center. However, in the presence 
o f a longitudinal magnetic field all substances become optically active. This 
induction of optical activity by a magnetic field in all matter is known as the Faraday 
effect, after its discoverer, in 1845. In regions of absorption there is a concomitant 
differential absorption of left and right
circularly polarized light that introduces a field- and wavelength-dependent ellipticity 
of the resultant beam (Fig. 2-2 c), and gives rise to magnetic circular dichroism 
(MCD).
2.2.1 BASIC THEORY
The Faraday effect is closely related to the Zeeman effect which also arises from 
the interaction of magnetic fields with matter. In the absence of a magnetic field, a 
state specified by an angular momentum J is (2J+l)-fold degenerate. A magnetic 
field defines an axis of quantization (z-axis) and removes the degeneracy of the
angular momentum, Mj = J, J - 1,.........- J. The relative energies of the states are
determined by the Lande g-factor since the splitting between Zeeman components is 
equal to gPBMj, where B is the magnetic field strength, and p is the Bohr 
magneton.
A circularly polarized photon has well defined z-components of angular 
momentum, of + 1  and - 1 , that correspond to left and right circularly polarized
light, respectively. Consequently, the selection rule for left circularly polarized light 
is AMj = +1, and for right circularly polarized light, AMj = -1. Simply stated, 
the absorption of circularly polarized light must be accompanied by a change in the 
quantized component of the angular momentum of the chromophore.
Several reviews of the theory of MCD are available (7-15). A brief summary of 
the results, with particular emphasis on the theory of low temperature spectroscopy 
as it pertains to the study of bioinorganic molecules is presented here; the formalism 
of Stephens is (e.g. see ref. 9) followed throughout, unless otherwise stated.
The calculation of the optical activity of a substance is generally carried out in 
three stages (12): 1) The observable is related to the difference in refractive indices 
or absorptions of left and right circularly polarized light; 2) This difference is 
expressed through Maxwell's equations in terms of the moments induced in 
individual molecules by the electromagnetic wave; and 3) the induced moments are 
calculated quantum mechanically. The earliest work on dispersion of magnetic 
optical activity through electronic absorption bands involved magnetic optical 
rotatory dispersion (MORD). MCD has completely replaced MORD since it 
eliminates problems due to background rotation from other electronic transitions of 
the system and from other sources such as windows or solvent. Theoretical 
calculations are also easier for MCD.
For an electronic transition from a ground state A to an excited state J, 
theoretical treatments lead to an expression for MCD intensity, A A = AL - AR,
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which is the sum of three terms:
oo
y _ N rr2 a 2 log e  
2 5 0  f i c n ±
(1)
where b is the sample concentration in moles/liter, k is Boltzmann's constant, 1 
is the pathlength, c is the speed of light, N is Avogadro's number, n is the 
refractive index, p is the Bohr magneton, B is the magnetic flux, EJA is the 
energy difference between states A and J, and a  is the absorption coefficient. 
The f  is the normalized band shape function which describes the distribution of 
transition energies E about the absorption maximum; A A is related to the 
ellipticity and can be expressed in terms of molar ellipticity [0]m by the equation
f e l  -  4 5 0 0  Ar  -  4 5 0 0  ( L K \  
”  >  log e -  tt |o g  e  V b I )
(2)
14
The terms Aj, B0, and C0  are parameters that depend on the selection rules 
for the absorption of circularly polarized light in a longitudinal magnetic field. The 
terms A j (- df /  dE), B0 f, C0f  /  kT are commonly referred to as A-, B-, and 
C-terms. The object of studying MCD through absorption bands is to obtain these 
terms, which can then be used to provide information about the nature of the state A 
and J.
Transitions in which either the ground state and/or the excited state are 
degenerate arise from A-terms. For simplicity, an atomic transition in which only 
the excited state is degenerate will be considered, e.g. *S — > *P (Fig. 2-3a). In 
the presence of a magnetic field, the energy levels of the excited state undergo 
Zeeman splitting, resulting in three equally spaced sublevels with Mj = +1, 0, -1, 
separated by gpB, where g is the gyromagnetic ratio. A transition in which AMj 
= +1 corresponds to the absorption of left circularly polarized light, and AMj = 
-1  corresponds to the absorption of right circularly polarized light according to the 
selection rules (Fig. 2-3c). The transitions will be of equal intensity, but will differ 
in frequency by 2gpB. The differential absorption, corresponding to the MCD (Fig. 
2-3d) has the form of a symmetrical biphasic signal, crossing the abscissa at v0, the 
resonance frequency in the absence of the field. Hence, the A-term has a derivative 
shape and is independent of temperature. For light propagating to the z-direction, an 
A-term is mathematically defined as
[<JAILz+ 2 S zlJA>°-<Aa ILz+2 S z lA a> 0]
(3)
x
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Figure 2 - 3 . Depiction of a MCD A-term for an atomic *S to 1P 
transition, (a) energy level diagram ; (b) absorption
spectrum; (c) absorption spectrum corresponding to 
absorption of left and right circularly polarized light; (d) 
MCD spectrum.
where dA is the degeneracy of the state A ; a  and A are the vibronic components 
of states A and J, m+ and m- are the electric dipole moment operators for right 
and left circularly polarized light, respectively, such that m = (1/  2 )(mx ± imy), 
and Lz and Sz are the z-components of the orbital and spin angular momentum 
operators, respectively. The superscript0 indicates an unperturbed state.
Unlike A-terms, there is no simple depiction of B-terms. They arise from 
magnetically induced mixing of states which are not necessarily degenerate. The 
amount of mixing is inversely proportional to the energy separation of the states. 
Like A-terms, their intensity is independent of temperature. However, they exhibit 
absorption-shaped dispersion. Mathematically, B-terms can be defined as:
B° = - £  X Rai X  <KK,m ^,Aa>‘- <A«,m*,jA>O<K'‘,m*,A0 >’]
* M  ( KkXJ
X < Jo lU i2S zliS K > *+y  [<A j m - I J a >•<J Alm+lKK>*-<Aalm +lJA>*<JAI 
WK*-WA* kk*a
. < K « IL ,+ 2 S ,lA q >*)
w i - w ;  ) (4 )
where KK is any other state which can be mixed with either Aa  or when H=0, 
W° represents the energy of the states K and A, and Re is the operator that takes 
the real part of everything to its right.
Transitions which originate from a degenerate ground state arise from C-terms.
For simplicity, a transition !P -—> *S will be considered (Fig. 2-4a). An applied 
magnetic field separates the ground state into its three Zeeman components, with Mj 
= + 1 ,0 ,-1 , separated by gpB (Fig 2-4a). Unlike A-terms, left and right circularly 
polarized light is not absorb equally, because of the Boltzmann distribution over the 
Zeeman sublevels of the ground state (Fig 2-4c). Transitions from the lowest 
Zeeman component will have a higher intensity. As a result the differential 
absorption, corresponding to the MCD (Fig. 2-4d) exhibits an absorption-shaped 
dispersion. Furthermore, as the applied magnetic field increases or the temperature 
decreases, the population of the lowest energy state increases with respect to those 
of higher energy, resulting in an increase of differential absorption of circularly 
polarized light. The net effect is an increase in signal intensity at lower temperatures 
or higher magnetic field. The mathematical expression that defines C-terms is:
Co
" " i *
)< Aa I m -I J A >° Ia-1 < Aa I m +l J  A >° 15x <Aal Lz+2Sz I Aa >°
(5)
The degeneracy necessary for C-terms can arise either from orbital angular 
momentum degeneracy, or from spin angular momentum degeneracy. C-terms are 
very sensitive to interactions which quench the ground state angular momentum, 
such as Jahn-Teller distortions, low-symmetry crystal field perturbations, and 
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Figure 2 - 4 . Depiction of a MCD C-term for an atomic *P to *S 
transition, (a) energy level diagram; (b) absorption 
spectrum; (c) absorption spectrum corresponding to 
absorption of left and right circularly polarized light; (d) 
MCD spectrum.
Therefore, C-terms constitute a powerful tool for the study of these systems.
For a given transition, the ratio of the magnitude of the A-, B-, and C-terms are 
inversely related to the ratio of the absorption linewidth at half height ( r ) , the 
energy separation between the mixing state and the ground or excited state (A W), 
and kT, A:B:C = I ^ 1 : A W"1 : (kT)'1. For example, at room temperature, 
when r  ~ 103 cm"1, kT ~ 200 cm"1, and the energy separation between the 
states is ~ 104 cm"1, the A-, B-, and C-terms are approximately in the ratio 
10:1:50, respectively. As the linewidth and the temperature decrease, the A- and 
C-terms become more important, and at liquid He temperatures the ratio becomes 
10:1:3400, clearly showing that low temperature MCD will be dominated by 
C-terms (23).
2.2.2 Saturation and Magnetization Curves
The general expressions given for Ae = eL - eR given above apply only 
when kT is much greater than the energy difference between the Zeeman sublevels 
(gpB). At these temperatures, the population change between the Zeeman 
components is linear in B/T, according to Curie's law. As the Zeeman energy 
becomes comparable to or greater than kT, the population change becomes nonlinear 
with B/T. Eventually, only the lowest level is populated and a further increase in
I
B/T does not cause any population change. The system is then said to be 
magnetically saturated, and the paramagnetic center is fully magnetized. At this 
point, A- and B-terms need not be considered since they are temperature 
independent and can therefore be subtracted out by extrapolation to infinite
20
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Figure 2 - 5 .  A typical MCD magnetization plot. Experimental 




Plots of the MCD intensity, Ae, as a function of the magnetic field and 
reciprocal temperature, B/T, in both the Curie law region i.e. g p B « k T  and at 
saturation i .e. g p B » k T  are known as magnetization or saturation curves (Fig. 
2-5). To a first approximation, magnetization curves are only dependent on the 
ground state. All transitions arising from the same ground state should exhibit 
similar magnetization behavior, provided that the ground state is not highly 
anisotropic, in which case the magnetization behavior is largely dependent on the 
polarization of the transition.
Saturation theory for a Kramers' doublet S = 1/2 ground states has been 
developed by Schatz, Mowery, and Krausz (16), and the results have been applied 
to simple and well known systems (17-19). A brief summary of the most important 
equations is given here.
For a transition between an S = 1/2 ground state and an S = 1/2 excited state, the 
form of the magnetization curve depends on both the effective ground state g-values 
and the polarization of the electronic transition. The mathematical expression for 
saturation for a randomly oriented paramagnetic chromophore exhibiting axial 
symmetry is:
c o s 2 e  s i n 8  g/ / t anh d 0
(6)
where Ae is the temperature dependent MCD intensity after correcting for any 
temperature independent contributions, K is a constant (8tc3Nx10' 3 hcln 10), 6 is 
the angle between the molecular z-axis and the applied magnetic field, mz and m+ 
are the transition dipole moment operators for the molecular z- and xy-polarized 
transitions, respectively, and r  = ( gn2cos2  0 + g 2 sin20) ^ 2. Since the 
sample consists of an assembly of molecules in a frozen glass, it is necessary to 
average over all angles by integration. This integration cannot be performed 
analytically but may be readily accomplished numerically using a microcomputer.
Clearly equation 6  is the sum of two terms, the first of which is the 
contribution to the MCD of the xy-polarized component, and the second is the 
contribution from the z-polarized component. By inspection of eqn. 6 , it is apparent 
that magnetization data for an axial chromophore can vary as a function of 
wavelength of the measurement as a result of varying amounts of z- and 
xy-polarized transitions. This indicates that the magnetization can vary as a function 
of the wavelength of measurement. However, there are three special cases in which 
the form of the magnetization curves is independent of the wavelength of 
measurement. The first case is where the electronic spectrum is dominated by 
transitions of a particular polarization, such as xy-polarized transitions in hemes. In 
this case, the second term is eqn. 6  can be neglected. The second case is when the 
symmetry of the ground state is completely isotropic, i.e. g 11 = gj_ = g- In this 
situation eqn. 6  simplifies to a simple tanh function:
-  m +2 (1 -  2 72*in i ' ) ta n h  9 P B 
K 3 V. m + /  2 k T
(7)
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The polarization ratio, mz/m+, attenuates the MCD intensity but leaves the form of 
the magnetization curve unaltered. Equation 7 is also applicable for analyzing 
magnetization data from S = 1/2 ground states with small g-value anisotropy. The 
third case is a ground state doublet with gj = 0  and g 11 *  0 , which can arise as a 
result of axial zero field splitting of non-Kramers' ground states with S > 0. In 
this case, eq. 6  reduces to
A£- m 2 f  cos© sin8 tanh 9//PBcos8 d0 
K ” J  2 kT
(8)
Thus,when gj_ = 0 all temperature dependent MCD transitions from the ground 
state become xy-polarized and magnetization data are independent of the wavelength 
of measurement.
The above eqns. 6 , 7, and 8 are only rigorously valid for paramagnetic 
chromophores with isolated S = 1/2 ground states. When a paramagnet contains 
more than one unpaired electron, the interaction between the unpaired electrons and 
the ligand field results in the removal of the spin degeneracy even in the absence of a 
magnetic field. This splitting is termed zero field splitting (1,20). Significant zero 
field splittings (ZFS) are usually present in paramagnetic metal centers with S > 
1 /2  ground states giving rise to low lying excited states that can be thermally
populated over the temperature range of the experiment. This situation gives rise to 
"nested" magnetization curves with data at different temperatures lying on separate 
curves. Complete theoretical analysis of such curves has yet to be reported. It 
presents a complex theoretical problem which will require inclusion of field-induced 
mixing of zero-field components and many additional parameters, e.g. rhombic 
zero-field splitting parameters and effective principal g values for each doublet. The 
problem is usually simplified by considering only the lowest temperature data, when 
only the lowest doublet is significantly populated. Eqn. 6  can then be used to 
estimate effective g-values and the polarizations of the transitions from the lowest 
doublet. Certain assumptions are implicit. First, the ground state is approximated to 
axial symmetry with axial polarization of the electronic transitions. Secondly, the 
field-induced mixing of zero field components is ignored. This assumption is only 
valid if the Zeeman splitting, g0p, where g0 is the g-value in the Zeeman term of the 
spin Hamiltonian, is much less than the zero-field splitting. Thirdly, only the lowest 
doublet is assumed to be populated at the lowest temperature. The validity of the 
latter two approximations can be experimentally tested by evaluating the magnitude 
of the zero field splitting parameters from magnetization curves; by considering that 
each zero field component contributes to the MCD C-term proportionally to the 
fractional population of each component. The fractional population, in turn, 
depends on the absolute temperature and the energy separation between each 
doublet, according to the Boltzmann distribution (17,21).
The estimation of the spin state of the complexes and clusters studied in this 
work was made by the simulation of the experimental curves at the lowest
temperatures available ( ~ 1.5 K) by means of eq 6 -8 , using g-values corresponding 
to those of the lowest zero field component of the low lying excited state.
2.2.3 Determination of the Energy Separation of Low Lying Excited States via Low 
Temperature MCD
It is often possible to determine the separation between energy levels from the 
temperature dependence of an MCD transition (17, 21, 22). In practice, low 
temperature MCD can only be used to evaluate the energies of low lying excited 
levels, higher levels are not thermally accessible over the range of temperatures 
employed, e.g. 1.5 -100 K.
The following discussion is adapted from the treatise of Browett et a l . (22). 
Browett, however deals solely with an S = 5/2 system whereas this has been 
adapted for a diamagnetic (nondegenerate) ground state with a paramagnetic 
(degenerate) low lying excited level. The MCD intensity is mathematically defined 
as:
AC= a . , D x +  C2 <
kT
(9)
where C2  is the C-term for the low lying excited state, D^ is the MCD intensity 
originating from the nondegenerate ground states at wavelength X, is the
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fractional population of the diamagnetic ground state, and (X2  is the fractional 
population of paramagnetic low lying excited state. The fractional population of the 
diamagnetic gound state, d j ,  and the fractional population of the low lying 
paramagnetic excited state, o^. are mathematically defined as
where d2  is the degeneracy of the low lying paramagnetic excited state and AE is 
the energy separation between the diamagnetic ground state and the first 
paramagnetic low lying excited level. Thus, the fractional populations are dependent 
upon the absolute temperature and the energy separation according to Boltzman 
distribution. The energy separation can be evaluated using nonlinear regression to 
fit the experimentally observed MCD intensity as a function of temperature to eqn. 9 
with C2  and AE as parameters. The energy separation between the two levels is 
readily obtained. can be evaluated by measuring the temperature independent 
MCD intensity at temperatures such that only the lowest nondegenerate level is 




obtained. The software for the nonlinear regression analysis was IMSL ZXSSQ 
adapted for the IBM 3033 mainframe by Robert Zinn.
2.2.3 Applications of Magnetic Circular Dichroism to Biological Systems
MCD constitutes an alternative optical technique to absorption spectroscopy for 
detecting electronic excited states, since transitions not seen in the absorption 
spectrum are frequently resolved in the biphasic MCD spectrum. A transition 
buried under a stronger transition in the absorption spectrum can be observed in 
MCD if AA/A is larger for the weaker transition or of opposite sign.
MCD gives information about the symmetries, angular momentum, electronic 
splittings, and vibrational-electronic interactions of excited electronic states. 
Concerning electronic ground state, the magnetization curves along with MCD 
temperature dependence, yield information about the spin state, g-values, zero field 
splitting parameters, and magnetic coupling constants.
Since biological systems usually exhibit low symmetry, assignment of the 
transitions revealed in the MCD spectrum is often difficult. However, the 
characterization of the metal centers in metalloproteins is made easier by comparison 
with model compounds. MCD has proven very effective in determining the 
coordination geometry of metals in metalloproteins (14, 23). Heme proteins 
constitute the group most extensively studied by this technique (24), and recently, 
MCD has found applications in the study of non-heme iron proteins, especially Fe-S 
clusters (19). Recently, cobalt (II) has received much attention, primarily because 
the relatively strong MCD signals makes it an excellent probe for replacing Zn2+ in
zinc metalloproteins. Since it is a paramagnetic ion, details of Co(II) spectra reveal 
features of metal coordination and its functional participation. Application of MCD 
to Co(II)-substituted metalloproteins have relied heavily on studies of cobalt (II) 
complexes in various geometries (25-28), the comparison of which permitted the 
deduction of the overall coordination geometry of the Co(II) substituted proteins. 
Some examples of Co(II)-substituted metalloproteins with pseudotetrahedral 
geometry thus far studied are carboxypeptidase (29,30), thermolysin (29-31), 
D-lactate dehydrogenase (32), bovine erthyrocyte superoxide dismutase (33), and 
alkaline phosphatase (29). However, thus far MCD studies of Co(II) centers in 
biology has been confined to room temperature studies and the potential of low 
temperature studies, such as those reported here, has yet to be explored.
2.3 ELECTRON PARAMAGNETIC RESONANCE
Electron paramagnetic resonance (EPR) is a spectroscopic technique that probes 
the environment of a paramagnetic center by defining the size and shape of the 
magnetic moment produced by the unpaired electron, and by characterizing any 
magnetic fields which might be produced by the parent molecule in the vicinity of the 
paramagnetic center (20). The technique involves the reorientation of the magnetic 
moment of an electron in a strong magnetic field. According to the Pauli exclusion 
principle, it is only possible to reorientate the spin of an electron if it is unpaired, 
therefore EPR is restricted to ions and molecules with unpaired electrons. Typical 
examples of substances with unpaired electrons are free radicals arid transition metal 
compounds.
The EPR spectra of transition metal compounds contain a great deal of 
information about the electronic structure and local environment of the paramagnets, 
hence EPR spectroscopy constitutes a very powerful tool for the study of metal 
centers in biological systems (20). The technique can give structural and physical 
information about the paramagnet under study: the geometry and redox state of the 
metal, the spin state and zero field splitting parameters of the ground state, the 
covalency of the M-L bond, the nature of the ligands, and also quantitative 
information on the concentration of the paramagnetic center.
Several books and reviews of the theory of EPR are available (1,20,34-38). 
References 39-41 emphasize application of EPR to study of Co(II). Some of the 
most important aspects concerning the theory of EPR in transition metal compounds, 
with emphasis an those which are relevant to metalloproteins are treated below.
2.3.1 BASIC THEORY
When a substance with unpaired electrons is placed in a magnetic field B, the 
Zeeman interaction causes a splitting of the energy levels corresponding to the spins, 
which align parallel or antiparallel to the applied field (Fig. 2-6). The Hamiltonian 
that describes the system is given by
§  = gpB .S (11)
where S is the spin operator, g is the magnetic gyric ratio or g-factor, p is 
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B
Illustration of the EPR transition for an S = 1/2 
ground state. E corresponds to the energy required for the 
EPR transition.
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Transition between the energy levels characterized by the quantum number Ms, 
arising from the Zeeman interaction, can be induced by a microwave frequency 
applied perpendicular to the magnetic field. The energy necessary for the transitions 
is given by
h i /  = 1  = c p BaMi (12)
where h is Planck's constant and v is the frequency of the microwave radiation. 
The selection rule for absorption of microwave radiation in EPR is AM§ = ±1. 
The position of the resonance can be calculated from eqn. 12, in terms of g, which 
measures the ratio of the resonance frequency to the applied field. When the 
frequency is expressed in GHz and B is in gauss, the numerical expression for the 
observed g-value is given by
g  = 7 1 4 .4 4  v/B
(13)
The net absorption depends on the difference in population between the upper 
and lower states, which in turn is dependent on temperature, according to the 
Boltzmann distribution.
i
g-Value Anisotropy for S = 1/2 Systems
For systems with negligible effective orbital angular momentum, the g-value is 
equal to the free electron value of 2.00232 (34). In transition metal systems, the 
unpaired electron is relatively well localized. The nucleus has a large atomic number
and electronic excited states are relatively accessible. As a consequence, the 
magnetic moment contains an additional contribution from the orbital angular 
momentum. The orbital paramagnetism reflects the abilitiy of the unpaired electron 
to migrate from its initial orbital into other orbitals related to the original by rotations 
about a coordinate axis (38). The total magnetic moment will then have the 
combined contribution from both spin and orbital angular momenta and thus the 
observed g-value deviates from the free electron value and is often strongly 
anisotropic. The interaction between the spin and orbital angular momenta is called 
spin-orbit coupling. The magnitude of the spin-orbit coupling is determined by the 
symmetry of the paramagnet and the energy separation between the ground and 
excited states. The spin-orbit coupling has spatial dependence, and thus the value 
of g depends on the molecular orientation relative to the applied field and is a 
described by a tensor. Although the ground state orbital angular momentum of most 
first row transition metals is quenched, as a result of low symmetry, significant 
deviations from the free electron value are commonly observed. This is due to the 
field induced mixing with low lying excited states that have orbital angular 
momentum leading to anisotropy in g. By appropriate selection of the coordinate 
system so that the crystal axes coincide with the molecular coordinate system, the 
off-diagonal contributions o f the matrix that describes g can be eliminated, and the 
system can be defined by the three diagonal g-values gxx, gyy, and g ^  (often 
abbreviated as gx, gy, andgz) which are otherwise termed the principal g-values.
The orientation dependence of the g-factor has a significant effect on the line 
shape of the EPR spectrum. Three basic types of symmetry exist - isotropic, axial,
and rhombic (Fig. 2-7a). In isotropic systems, gx = gy = gz and a single resonant 
frequency is observed regardless of sample orientation. For axial systems, gx = gy 
*  gz and the absorption envelop permits determination of the two principal 
g-values. These are designated as g = gz and gu = gx and gy. Rhombic 
symmetry (gx *  gy *  gz) gives rise to a more complex absorption envelop which 
facilitates evaluation of all three principal g-values, gx, gy, and gz. The EPR 
absorption spectra of these limiting cases are shown in Fig. 2-7 b. Due to the 
broadness of the EPR absorption spectra, better resolution is obtained when the 
spectra are plotted as the first derivative of the absorption spectra, as shown in Fig. 
2-7c; the principal g-values refer then to the positions of the maxima, cross-over, 
and minima of the spectra.
Usually for metalloproteins, EPR spectra are taken in frozen solutions, in 
which the protein molecules adopt unique orientations so that all possible 
orientations of the protein molecules are present, and then the effective g-value is 
given by
g e f f  2 = +  « * 2 1 * 2 +  * * * * * *  (14)
where lx2, ly2, lz2  are the normalized direction cosines between the principal axis 
of the g-tensor and the applied field. The extreme g-values are exhibited when the 
applied field lies parallel to any one of the coordinate axis, in which case lx2  = 1 
(or ly2  or lz2) and the other two will be zero. The g-values for all other molecules 
will be intermediate
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Idealized pow der EPR  spec tra  fo r an isotropic, 
axial, and rhombic, S = 1/2 system, (a) Geometric 
shapes associated with isotropic, axial, and rhombic 
magnetic moments; (b) Absorption curves with a finite line 
width; (c) EPR first derivative curves. Figure taken from 
reference (2 0 ).
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between gx and gz, assuming gx < gy < gz. From eqn. 14 it can be seen that gy
is adopted not only when the applied field is parallel to the y axis, but also in some other 
orientations. As a consequence, the absorption in the y direction is more intense than in 
the other directions in the rhombic spectra.
2.3.2 S > 1/2  Systems
In systems with two or more unpaired electrons, the degeneracy of the spin 
states may be removed by low symmetry ligand fields, even in the absence of a 
magnetic field, as a result of mixing of excited states with orbital angular momentum 
with the orbitally nondegenerate ground state via spin-orbit coupling. The 
phenomenon is referred to as zero field splitting. In systems with an odd number of 
electrons, according to Kramers' rule, in absence of magnetic field there exists at 
least a two-fold degeneracy that can only be removed by the application of a 
magnetic field. Therefore, in principle, regardless of symmetry an EPR spectrum 
should always be observable. For systems with even number of electrons (known 
as non-Kramers' systems), the degeneracy may be completely removed by low 
symmetry crystal field, so that only singlet levels remain. If the separation between 
the energy states is larger than the incident microwave radiation (as is usually the 
case for transition metals), EPR spectra will not be observed.
The spin Hamiltonian that describes the zero field splitting for systems with S >
1 /2  is given by
B = g p B .S  + D (S«* _  i s n  + E(£fc* -  St * )
V. 3  J (13)
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where D and E are the axial and rhombic zero field splitting parameters, respectively. 
It is important to note that the values of D and E are not unique but rather depend on 
which axis is chosen as the z axis. For completely rhombic symmetry, E/D = 1/3. 
D and E may be positive or negative and may have opposite signs. Their absolute 
signs are not relevant, since line positions depend only on their relative signs. The 
effect of the ZFS is illustrated in Fig. 2-8, where the energy level diagram and the 
allowed transitions are shown for an S = 5/2 ion in a completely isotropic 
symmetry (octahedral ligand field) i.e., E = D = 0 (Fig. 2-8 a), in axial symmetry 
with small ZFS i.e., D «  hv, E = 0 (Fig. 2-8 b), and in an axial symmetry with 
large ZFS i.e., D »  hv (Fig. 2-8 c). If D »  hv, only EPR transitions between 
the + 1 /2  states will be observed, and the system can be treated in terms of a fictitious 
spin S' = 1/2. A large ZFS occurs in all tetrahedral Co-S centers in this study, 
causing the transitions to occur usually within each doublet and not between them as 
shown in the energy level diagram in Fig. 2-9 (39).
When rhombic distortions are applied to the S = 3/2 system, such as high spin 
Co(II), the zero field splitting parameters D and E are both non zero. Two Kramers' 
doublets are produced that are a result of linear mixing of the energy levels. Thus, 
transitions within each Kramers' doublet become allowed. In this case, a field and 
frequency dependence in the effective g-value is induced, and different resonances 
can be observed, as illustrated in Fig. 2-10. The intensity of the signal arising from 
each doublet is temperature dependent, according to the Boltzmann population 







Figure 2 - 8 .  Energy level d iagram  and  EPR allowed transitions 
for an S = 5/2 system  with m agnetic field parallel 
to  the principal axis, (a) Isotropic symmetry; (b) 
Axial symmetry in a weak magnetic field ( small zero field 
splitting); (c) Axial symmetry in a strong magnetic field 





Figure 2 - 9 .  Energy level diagram and EPR allowed transition 
for an S = 3/2 system  with m agnetic field.
Splitting of 4A2  state into 2 Kramers' doublets by combined 
action of spin orbit coupling and a low symmetry field. 
Figure taken from reference (39).
0.30.2Q1 
E /D
Figure 2 - 10. P lo t o f g values fo r an  S = 3/2 system  as a 
function of E/D according to equation 13. (a) Ms = ± 3/2;
(b) Mg = ± 1/2. Figure taken from reference (40).
S > 1/2 systems. However, few estimates of the zero field splitting energy have 
been made for Co(II) ions in biological systems since the zero field splitting is much 
greater than the EPR microwave quantum, and in general, only the lowest Kramers' 
doublet is thermally
populated at the low temperatures required to detect the EPR absorption of a high 
spin Co(II) ion. Although the zero field splitting can be estimated from the g-values 
of the EPR spectrum (39, 41), assumptions of the magnitude of the spin orbit 
coupling constant and the energy separation of the lowest excited state above the 
ground state are required, and thus prevents a direct rigorous assignment of the 
coordination structure in Co(II) metalloproteins (42).
2.3.3 Nuclear Hyperfine Interactions
The presence of nearby nuclei which possess an intrinsic spin angular 
momentum (represented by the spin quantum number I) modifies the electron 
energy states in a magnetic field. The magnetic moment associated with the nuclear 
spin angular momentum causes a local magnetic field that will either oppose or 
augment the magnetic field experienced by the unpaired electron. The interaction of 
an unpaired electron and a magnetic nucleus is called nuclear hyperfine interaction, 
and can cause splitting of certain lines of the EPR spectrum by a factor of 21 + 1. 
The hyperfine interaction may be either isotropic or anisotropic leading to very 
complex spectra. EPR transitions will be observed according to the selection rule 
AMj = 0. The nuclear hyperfine interactions can be caused either by the nucleus of 
the atom that contains the unpaired electron (hyperfine interaction), or by a nearby
nucleus from the ligand atoms that surround the metal center (superhyperfine 
interaction).
Nuclear hyperfine interactions can be observed for Cu proteins (^C u and 65Cu 
have both nuclear spins of 3/2). The natural abundant isotope of cobalt, 59Co, has a 
nuclear spin of 7/2, and hence hyperfine interactions are to be expected. However, 
hyperfine splitting of 59Co tends to be relatively small in high spin tetrahedral 
Co(II) complexes and is easily obscured by dipolar and exchange interactions. 
Moreover, relaxation effects, even at liquid helium temperatures, result in EPR 
signals that are so broad to mask the hyperfine interactions. Thus, hyperfine 
splitting has been observed only in a few cobalt (II) salts or in magnetically diluted 
crystals (43,44).
2.3.4 Spin Relaxation
As mentioned previously, the fractional population of the levels within Kramers' 
doublets is governed by the Boltzmann distribution. Thus, for an S = 1/2 system,
Ha _ exp (-gpB /kT ) q 4)
Nb “
where Na and Nb are the population of the upper and lower states, respectively. The 
net absorption depends on the population difference between both states, which is 
maintained by relaxation processes (1,35). For transition metal ions, spin-lattice 
relaxation (Tj) is the dominant relaxation process.
Spin-lattice relaxation results from interaction of the paramagnet with the thermal
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vibrations of the lattice. Transition metal complexes usually exhibit a very fast 
spin-lattice relaxation, due to the presence of low-lying excited states. As a 
consequence of the Heisenberg Uncertainty Principle,
A E A r > T F  <15>
which requires the linewidth to be inversely proportional to the relaxation time, 
transition metal complexes generally exhibit very broad spectra at room temperature. 
The mechanism of spin relaxation can be slowed by lowering the temperature, 
thereby reducing the thermal motion. Hence, cobalt is generally studied at 
temperatures below 20 K, since at higher temperatures the signals are too broad to 
be observed. Lowering the temperature has the additional benefit of increasing the 
differential population of the Zeeman levels, resulting in an increase in signal 
intensity.
The decrease in spin-lattice relaxation time can lead to microwave power 
saturation. Microwave power saturation occurs when the incident radiation becomes 
sufficiently intense, such that the rate of promotions to the upper state exceeds the 
rate of relaxation to the lower state. This will result in nearly equal populations of 
spins in ground and excited states, precluding net absorption. Thus, the intensity of 
the microwave power that can be used decreases at lower temperatures. In order to 
obtain quantitative results from an EPR spectrum, it must be recorded under 
non-saturating conditions. The saturation behavior can be assessed by a plot of the 
signal intensity as a function of the square root of the microwave power (I vs P 1̂2)
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which should give a straight line in the region where there is no microwave power 
saturation.
2.3.5 Spin-Spin Interaction
Spin-spin interactions are only pertinent to those metalloproteins which contain 
more than one paramagnet. The local magnetic field at a paramagnetic center is 
affected by bringing it in contact with a second paramagnetic species. Due to the 
large matrix, metalloproteins are necessarily dilute, therefore interactions generally 
occur only between centers of the same protein molecule. Spin-spin interactions can 
have two effects on an EPR spectrum. First, spin-spin interaction sometimes results 
in enhancement of the spin-relaxation time for an individual paramagnetic center, and 
hence different power saturation characteristics. Secondly, the dipolar interactions 
between both paramagnetic species affect both the line width and the spin-lattice 
relaxation time. The extent of interaction depends on the distance between the 
paramagnets. Dipolar coupling between the paramagnets results in broadening of 
the EPR spectrum. In some cases, splitting of the spectrum is observed, which may 
become very complex depending on the anisotropy of the g-tensors.
2.3.6 Quantitation of EPR Spectrum
One of the most useful features of EPR spectroscopy is that the signals can be 
quantified in terms of the concentration of the paramagnetic species giving rise to the 
signal. The intensity of the EPR absorption signal is proportional to the number of 
unpaired electrons in the sample, provided the sample is not power saturated. While
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it is not possible to correlate the absolute intensity to the spin concentration, very 
accurate quantitations can be obtained by comparison to a standard, run under 
identical conditions, of temperature, modulation amplitude, and microwave power. 
EPR spectra, which are obtained as the first derivative of the absorption, must be 
doubly integrated. The method used for double integration of EPR spectra was 
derived by Wyard (45) and the area is corrected for g-value dependence according to 
Aasa and Vanngard (46). The concentration of spins in the sample is then related to 
that in the reference by the equation
c . = _AL  . Jk . • J L . • & n ,,
Ar Gm gm <16)
where the subscripts r and s refer to the reference and sample, respectively, and A 
represents the area under the curve calculated by double integration, G is the 
spectrometer gain, C is the concentration, and g corresponds to the average 
g-factor. The area under the curve is calculated according to
A _  lh* V  ( n -2 i+ l) Y i  
-*2 1=1 (17)
*
where h is the magnetic field interval, n is the number of intervals, and Yj is the 
intensity of the EPR signal for the ith interval. The average g-value is equal to
45
MB(9‘2+9'w ) r ^ ( 9‘*9'*9‘)]
(18)
Aasa and Vanngard have also formulated a method for obtaining the total 
intensity of a EPR spectrum from a single, isolated absorption-shaped component of 




and g is given by
9 = -----------
2 9 z  B m a x [H -P x ] I1 -P y ] ] , 2
2
where Px,y z  —5JL
9 z2
and Bmax corresponds to the magnetic field at which the maximum of the 
absorption band occurs. Then the concentration of the sample is calculated from 
eqn. 16. This method can be applied provided that the linewidth is smaller than the 
g-value anisotropy, and is useful for integrations of very broad spectra and of 
spectra arising from different species whose signals overlap.
Equations 17,19-20 were used in this work to calculate the spin concentration of 
the EPR species of [ I^ N ^ tC o jS ^ -o -x y l^ ]  • MeCN in DMF/DMA and of the 
standard metmyoglobin cyanide (MetMbCN), in which gx, gy, and gz absorbances 
are very broad.
The intensities were measured manually. The number of spins were then 
computed using an OKI IF model 30 microcomputer, with software written by Drs. 
M.K. Johnson and D.E. Bennett.
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3.0 MATERIALS AND METHODS
3.1 UV-VISIBLE ABSORPTION SPECTROSCOPY
UV-visible absorption spectroscopy was performed at room temperature using a 
Cary 219 UV-visible absorption spectrometer. The spectra were recorded under 
anaerobic conditions in serum-capped 1mm or 1 cm masked cuvettes.
For the determination o f the molar absorptivities of the cobalt thiolate 
complexes, the complex was weighed with an American Scientific DTL 350 or 
Ohaus Galaxy 400D balance. The accuracy of the weight measurements was 
0.001 g. The complex was dissolved in solvents in volumetric glassware and the 
UV-visible spectra were recorded.
Molar absorptivities of the protein samples, e, refer to the protein and molar 
absorptivities of the synthetic cobalt thiolate complexes are per cluster, unless 
otherwise stated. Both are expressed in units of M ' 1 cm-1.
3.2 M AGNETIC CIRCULAR DICHROISM
3.2.1 SPECTROPOLARIMETER
Magnetic circular dichroism spectra were obtained using an Oxford Instruments 
SM3, split coil, superconducting magnet mated to a Jasco J500C spectropolarimeter 
(Fig. 3-1). The system used allows measurement of MCD spectra in the wavelength 
range of 200 to 1000 nm, at temperature ranges between 1.5 and 300 K, and at 
magnetic fields between 0 and 5 Tesla.
The Jasco J500C employs a xenon arc lamp as the radiation source. The 








Figure 3 - 1 .  Schematic representation of the Jasco J500 





polarizer. A photoelastic modulator (PEM) alternately converts linearly polarized light 
into left and right polarized light at a frequency of 50 KHz. The circularly polarized 
light is transmitted directly through the magnet and the sample, and finally to the 
photomultiplier (PMT), which is phase locked to the PEM frequency for measuring the 
differential absorption of right and left circularly polarized light. Phase sensitive 
detection greatly increases the signal-to-noise ratio.
A strong magnetic field can affect the operation of the PMT and the PEM. This 
problem is avoided by spatially separating the magnet from both the optical system 
and the PMT by at least one meter. The dichrograph exit slit, the optical 
compartment of the magnet, and the PMT were aligned using an optical rail. Stray 
light was eliminated by means of an optical tube connecting the windows of the 
optical chamber of the magnet to the dichrograph. The optical tube is rigidly fixed in 
position to ensure maximum light intensity impinging on the PMT. The divergence 
of the light beam upon passage through the tube was negligible, therefore a 
refocusing lens was not required.
3.2.2 MAGNET AND TEMPERATURE CONTROL
A variable, longitudinal magnetic field is applied to the sample mounted in the 
optical compartment of the split coil superconducting solenoid, immersed in a helium 
bath (Fig. 3-2). The helium is insulated by a nitrogen jacket and a vacuum 
compartment. The sample compartment of the magnet is centered between the split 
coil and can be filled with helium from the main helium reservoir by opening a 
needle valve. The magnet is equipped with an Oxford Instruments MK3 power
Figure 3 - 2. Schematic representation of an Oxford Instrum ents SM3
split coil superconducting magnet. (M) coils of 
superconducting magnet; (S) sample holder, (W) optical 
windows; (T) needle valve.
supply, and magnetic fields are ramped by using an Oxford Instruments SG3 sweep 
generator. Magnetic fields are calibrated using a transverse Hall probe (Lake Shore 
Cryogenics) mounted in place of the sample on the sample probe. The magnet current 
field was digitally measured as voltage across a 2 milliohm resistor, using a Dynasan 
Corporation 2830 digital multimeter connected directly to the magnet power supply. The 
magnetic current versus field plot was found to be linear over the range 0-5 T. The 
accuracy of the magnetic field measurements was + 0.03 T.
The sample probe, with the sample positioned at the lower end (Fig. 3-3) is 
placed directly into the sample compartment filled with liquid helium. The probe 
also contains the temperature sensors, and a heater.
Sample temperatures were measured with calibrated carbon glass resistors 
(Lake Shore Cryogenics) placed directly above and below the sample. The 
temperature wa& read as a function of voltage at a given constant current. The 
carbon glass resistors were calibrated by Lake Shore Cryogenics over the 
temperature range 1.5-300 K, and give temperature readings accurate within 0.5 %.
A Rh/Fe resistor is also located directly above the sample, and is used to control the 
temperature above 4.2 K.
Temperatures between 1.5 and 2.2 K are obtained by reducing the pressure with 
a two-stage rotary pump. Temperatures above the boiling point of liquid helium 
(4.218 K) are obtained by passing cold He gas through the sample compartment, 
and are controlled by the Rh/Fe resistor and a heater connected to an Oxford 
Instruments DTC2 temperature controller. MCD spectra are generally not collected 












Figure 3 - 3 .  Schematic representation of the MCD sample probe.
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caused by bubbling of the He which results in a decreased signal-to-noise ratio. 
Below 2.2 K, the He becomes optically clear and also exhibits anomalously high 
thermal conductivity, eliminating problems with thermal gradients.
3.2.3 SAMPLE CELLS
MCD sample cells are constructed from two square polished quartz plates (1.5 
x 1.5 x 0.1 cm) separated by a rubber spacer. Aerobic cells are sealed on three 
sides by epoxy resin. Anaerobic cells are sealed on all four sides, leaving two small 
gaps for injection of the sample into the cell through the rubber spacer. The 
pathlength of each cell is determined by subtracting the thickness of both quartz cells 
from the total cell thickness.
The MCD cells are pumped and flushed with Ar prior to the introduction of the 
sample. The cells are filled with the sample using gastight syringes and are rapidly 
frozen by immersion into the helium bath.
3.2.4 MCD SAMPLES
Frozen MCD samples must be in the form of optical quality glass to allow 
transmittance of light. For protein samples, the addition of glassing agents is 
required. Throughout this work, either 50% v/v ethylene glycol or 40% or more 
(v/v)glycerol, as indicated in figure legends, was added to the protein solutions. 
The addition of glassing agent did not show major effects on the UV-visible 
absorption or EPR characteristics of the proteins studied in this work.
For the inorganic cobalt thiolate complexes, the solvents or solvent mixtures
must meet 3 requirements, the complexes must be soluble, the solvent must not 
alter the complex, and it must form an optical quality glass on freezing at liquid He 
temperatures. A mixture of DMF and DMA in a 3:1 ratio was satisfactory for the 
majority of the cobalt thiolate complexes. However, thin transparent polystyrene 
films of solutions of [C o^S P hjjg ]2'  in CH3CN were prepared due to the 
disruption of the complex in the DMF/DMA mixture. Polystyrene beads were 
dissolved in toluene in 1:10 ratio. The polystyrene solution was added to a CH3CN 
solution of the complex in a 4:1 ratio, and was then layered on a microscope slide. 
The solution on the slide was allowed to dry forming a thin transparent film which 
was cut to fit the MCD sample compartment.
MCD are expressed in terms of the differential extinction coefficient, A e , and 
for the metalloprotein samples refer to the protein concentration with units of M ' 1 
cm-1. The differential extinction coefficients for the synthetic cobalt thiolate 
complexes are per cluster.
Strain in the frozen glass or magnet windows may cause some depolarization of 
the light beam. Depolarization was assessed and strain birefringence corrected for 
by measuring the decrease in the intensity of the natural CD of a standard sample of 
D-tris(ethylenediamine)cobalt(II) chloride. The natural CD of the standard was 
measured in the absence of the sample, and with the standard placed after the 
sample, in absence of a magnetic field. The depolarization in the samples studied 
was generally less than 5% and never more than 10%. No residual strain 
birefringence was found in the magnet windows.
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3.2.5 DATA COLLECTION AND MANIPULATION
Spectra are recorded digitally using an OKI IF 800 model 30 microcomputer, 
interfaced yia a Jasco IF500 interface. Data collection and manipulation were 
performed using the software provided by Jasco Corp. and modified by Drs. M.K. 
Johnson and D.E. Bennett.
Data were sampled every 0.4 nm at a scan rate of 50 nm/min and a time constant 
of 2 s in a typical MCD spectrum. Unless otherwise stated, each spectrum was 
scanned once. Between 800 and 512 nm the slit openings were fixed at 100 pm and 
at lower wavelengths were programmed for constant 2  nm resolution.
MCD spectra are measured with the field aligned both parallel (positive field) 
and antiparallel (negative field) to the direction of light propagation, as well as in 
absence of an applied magnetic field (zero field). In good quality data, the positive 
and negative field spectra must form mirror images through the the zero field 
spectrum, which corresponds to the natural CD spectrum of the sample being 
studied. Measurement of one-half the difference between the positive and negative 
field spectra yields MCD spectra corrected for contributions from natural CD and for 
any magnetic field effects. The recording of the signal in this manner leads to an 
increase of the signal-to-noise ratio by a factor of the square root of 2. The MCD 
intensity is expressed as the difference in the molar extinction coefficients for left 
and right circularly polarized light ( A e = eLCP - eRCP), in units of M ^cm '1, 
after applying a correction for depolarization of the light beam.
MCD magnetization plots are generated by measuring the MCD intensity at a 
given wavelength, at several fixed temperatures as a function of the magnetic field
strength. The magnetization data are presented as plots of the percentage of 
magnetization vs B/2kT, where p is the Bohr magneton, B is the magnetic flux, k is 
the Boltzman constant and T is absolute temperature. The percentage magnetization 
refers to the MCD intensity as a percentage of the intensity at magnetic saturation. 
W henever necessary the experim ental data were corrected for any 
temperature-independent diamagnetic contributions by extrapolating the plots of 
MCD intensity versus 1/T to infinite temperature and then subtracting the 
proportionate diamagnetic contribution from the data at each individual magnetic 
field. Theoretical plots used to simulate the experimental data are generated from 
the expression given in section 2.2.2. The software for calculating and plotting 
magnetization curves was developed by Drs. M.K. Johnson and D.E. Bennett (1).
3.3 ELECTRON PARAM AGNETIC RESONANCE
EPR spectra were recorded on a Varian E-line X-band spectrometer. 
Temperatures between 9 and 100 K were obtained by using Air Products Helitrans 
low temperature cryostat. This system allows recording of spectra at microwave 
powers between 0.5 and 100 mW. Sample temperatures were varied by balancing 
the He flow against a heater connected to the temperature controller. A calibrated 
silicon diode (Lake Shore Cryogenics), in frozen aqueous solution, positioned in 
place of the sample in the cryostat, was used to assess the temperature within 2% 
accuracy. A TE model Bruker cavity fit with an LTR HeliTrans low temperature 
cryostat was used for recording spectra at temperatures below 8  K. The temperature 
was measured by means of a calibrated chromel vs gold/iron thermocouple
positioned just below the sample.
The m agnetic  fie ld  was ca lib ra ted  w ith  a so lu tion  o f 
2,2-diphenyl-1-picrylhydrazine (DPPH) and with a nuclear magnetic resonance 
probe, and was found to be accurate within 0.25% over the entire scan range.
EPR spectra were recorded as the first derivative of the absorption as a function 
of the magnetic field at a given frequency. The spectra were quantified by double 
integration, using the equation given in section 2.3.6, with software written by Drs. 
M.K. Johnson and A. Kowal. A solution of known concentration of metmyoglobin 
cyanide (MetMbCN) was used as standard for quantitations below 25 K. The 
standard solution was prepared as described in reference 6 . When performed as 
described, spin quantitation values are precise within ±  1 0 %.
Whenever possible, EPR samples were prepared simultaneously with MCD 
samples, to facilitate comparison of the results from both spectroscopic techniques. 
However, in most cases, EPR samples were of greater concentrations than those 
used for MCD. The protein and inorganic cobalt thiolate solutions were injected 
into gas-flushed EPR tubes and frozen by rapid immersion in liquid nitrogen.
3.4 NUCLEAR M AGNETIC RESONANCE SPECTROSCOPY
NMR spectra were recorded on a Bruker WP200 spectometer operating at 
200 MHz or IBM AF100 spectrometer operating at 100 MHz. Chemical shifts 
downfield of Me4Si internal standard are designated as negative.
All *H NMR samples of the inorganic cobalt ethanethiolate complexes were 
prepared in CD3CN and the tubes were sealed under vacuum to maintain
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anaerobicity. All measurements were made on freshly prepared solutions, and 
simultaneous UV-visible absorption spectra were recorded.
3.5 SAMPLE PREPARATION AND HANDLING
Due to very high oxygen sensitivity of all the cobalt(II) thiolate complexes and 
cobalt(H) substituted proteins used in this work, the samples were handled 
anaerobically under Ar, unless otherwise stated. All solvents and solutions were 
degassed by three freeze - pump - thaw cycles. All solids were degassed by multiple 
pump - flush cycles. All solvents and solutions were contained in Schlenk flasks or 
in serum - capped vials, and transferred using Hamilton gastight syringes.
Anaerobic samples were handled either on a gas/ vacuum line, in which argon 
was passed over a BASF copper catalyst to remove oxygen, or in Vacuum 
Atmospheres inert atmosphere box equipped with a model HE - 493 dri-train, a 
model AO - 316C oxygen analyzer, a model AM-2 moisture analyzer, and a 
pedatrol pressure control.- Oxygen levels in the inert atmosphere boxes and in the 
gas/vacuum line were below 1 ppm.
Proteins were dissolved in buffer solutions as indicated in the figure legends. 
Buffer solutions of tris(hydroxymethyl) aminomethane hydrochloride, referred to as 
Tris/HCl (Aldrich), were adjusted to the appropriate pH with a concentrated 
solution of hydrochloric acid. Phosphate buffers were prepared by mixing 
appropriate amounts of the mono- and dibasic potassium phosphate solutions. 
Buffer solutions of Tris[hydroxymethyl]methylaminopropane sulfonic acid, referred 
to as Taps (Sigma), were adjusted to proper pH by either concentrated NaOH or
H 2 S 0 4. All solutions were prepared using water which was purified by 
glass-disdllation and then passage through an ion exchange column.
For reconstitution of the apoproteins, extreme care was taken to eliminate metal 
contamination. All glassware was cleaned by soaking in 30 % H N 03, followed by 
rinsing with deionized water. Metal solutions were prepared from minimum 
99.999% pure C0 CI2  hydrate obtained from Aldrich. The HC1 and HNO3  used was 
Baker Instra Analyzed for trace metals.
Inorganic cobalt thiolate complexes were dissoved in solvents as indicated in the 
figure legends. HPLC grade, 99.9% pure, N, N-dimethylforamide (DMF) and N, 
N-dimethylacetamide (DMA) were purchased from Alfa Products. Acetonitrile, 
spectrophotometric grade, 99+% pure, was purchased from Aldrich. All solvents 
were purified by distillation followed by drying with 5A molecular sieves. All 
synthetic complexes were stored in an inert atmosphere box until used.
The procedure for oxygen treatment of the synthetic cobalt thiolate complexes is 
as follows. Crystals were dissolved in an anerobic solvent and placed in a 
serum-capped UV-visible cuvette. The solution was then mixed with 200-1000 pi 
aliquots of air, delivered by a gastight Hamilton syringe. UV-visible spectra were 
taken immediately before and after the addition of the air.
The procedure for water treatment of the synthetic cobalt thiolate complexes is 
similar to that described above, except that water was added to make the solution 
10% in H20 . The procedure for methanol treatment of [Et4N]2 [Co4 (SEt)10] is 
similar to that described for oxygen and H20 , except that methanol was added in 
small volumes.
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3.5.1 SYNTHESIS OF [Me4N]2 [Co(SPh)4]
This preparation was a modified slightly from that published by Dance et al 
(2). Benzenethiol (1.75 g, 16mmol), tri-n-butylamine (2.25 g, 12mmol), and 
tetramethylammonium chloride (1 .1  g, 1 0  mmol) were dissolved together in 
methanol (35 ml). Co(N03) 2  • 6H20  (0.5 g, 1.7 mmol) in 5ml of methanol was 
added, followed by addition of 1-propanol (25 ml). The emerald green solution was 
stored at 0° C while crystallization occurred. The product was filtered and washed 
with 2-propanol (~ 35 ml). Vacuum drying yielded emerald green crystals.
3.5.2 SYNTHESIS OF [Me4 N]2 [Co(SEt)4]
Sodium ethanethiolate was prepared from sodium and ethanethiol dissolved in 
tetrahydrofuran. The white solid was collected by filtration, washed with ether, and 
dried in vacuo. Sodium ethanethiolate was stored in the inert atmosphere box until 
needed.
The preparation of [Me4N]2[Co(SEt)4] was similar to that previously published 
by Hagen et a l . (3). Anhydrous CoCl2  (0.52 g, 4mmol) and Me4NCl (1.05 g, 9.6 
mmol) were added to a slurry of sodium ethanethiolate (1.61 g, 19.2 mmol) in 
CH3CN (~ 35 ml). After being stirred for 3 hours, the pale blue sluny was filtered 
to remove NaCl. The solid was washed twice with 5 ml CH3CN, and the filtrate 
was reduced in vacuo until incipient crystallization. Slow cooling of this solution to 
4° C gave large deep blue needles after 18 hours. These needles were collected, 
washed with ether, and dried in vacuo. A second crop was afforded by addition of
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ether to the filtrate.
3.5.3 SYNTHESIS OF [Et4 N]2[Co(S2-o-xyl)2]
Ortho - xylyl - a  ,a ' - dithiolate was prepared aerobically in a manner similar to 
that previously described by Mayerle, et a l . (4). Thiourea (17.25 g, 227 mmol) and 
a ,a ' - dibromoxylene (30 g, 113.6 mmol) were stirred at refux in 15 ml of 95 % 
ethanol and 90 ml of water for 3 hours. The solution was cooled and NaOH (18 g) 
in 30 ml H20  were added to form a white slurry. The slurry was stirred at reflux 
for 90 minutes forming a brown oil. The brown oil was cooled and the pH was 
adjusted to 2 with 6 N H2 S 0 4 to give a light tan solid. The light tan solid was 
filtered and washed with 3M H2 S0 4  then H20 . The low melting solid was distilled 
to yield a colorless liquid which soldified to a white solid.
[Et4N]2 [CoCl4] was obtained aerobically by previously published procedures 
(5). To CoCl2  • 6H20  (1.19 g, 0.005mmol) in 5ml hot absolute ethanol was added 
NEt4Cl • H20  (1.84 g, 0.01 mmol) in 5 ml hot absolute ethanol. Blue crystals 
immediately began forming. The solution was boiled for 1 minute, and left at room 
temperature for crystallization. The light blue powder was filtered and recrystallized 
from hot absolute.
The preparation of [Et4 N]2 [Co(S2 -o-xyl)2] was performed using the previously 
published procedures (6 ). To a suspension of [Et4N]2 [CoCl4] (0.98 g , 2.84 
mmol) in 20 ml of ethanol, o-xyly - a , a ' - dithiol (1.7 g , lOmmol), and Et4NCl 
(1.4 g, 8.51 mmol) was added. Then, 13.5 ml of a 1.47 M solution of sodium 
ethoxide was added to the mixture slowly with stirring at 0° C to form a deep aqua
blue solution. The solution was filtered to remove NaCl and the deep blue filtrate 
was concentrated to dryness in vacuo. The residue was redissolved in ~ 30 ml of 
CH3CN. The solution was filtered, the solvent removed in vacuo, and the flask was 
left at 0° C for crystallization. The small aqua blue crystals were removed by 
filtration. The compound was further purified by recrystallization from warm 
CH3CN.
3.5.4 SYNTHESIS OF [Et4N]2[Co2(SEt)6] and [Et4N]2[Co4(SEt)10]
These preparations closely followed previously published procedures (3). 
Sodium ethanethiolate was prepared as described in section 3.5.2. A dark blue 
slurry o f anhydrous CoCl2 ( 0.516 g, 4.0 mmol) in ~ 30 ml CH3CN was treated 
with NaSEt (1.0 g, 11.9 mmol). To the deep green solution, Et4NCl ( 0.655 g, 
3.95 mmol) was added, and the mixture was stirred for 1 hour. NaCl was removed 
by filtration and the solid was washed twice with 4 ml CH3CN. The filtrate and 
washings were combined and the volume reduced in vacuo by approximately 50%. 
An equal volume of ether was added, and the mixture was cooled to - 25° C in dry 
ice/CCl4 bath. A red solid was removed by filtration. Addition of 10 ml of ether 
and cooling to - 25° C for ~ 6 hours caused separation of dark green blocks, 
[Et4N]2[Co4(SEt)10]. The crystals were collected, washed with ether, and dried in 
vacuo. The ether washings in the last step were added to filtrate which was cooled 
to - 25° C until the large deep green needles of [Et4N]2[Co2(SEt)6] formed. These 
were collected, washed with ether, and dried in vacuo.
3.5.5 SYNTHESIS OF [Et4N]2[Co3S(S2-o-xyl)3] • MeCN 
[Et4N]2[Co3S(S2-o-xyl)3] • MeCN was prepared in this lab by Dr. Joyce
Momingstar using previously published procedures (7).
3.5.6 SYNTHESIS OF [Me4N]2[Co4(SPh)10]
This preparation followed closely that previously published by Dance, et a l . 
(1). Benzenethiol (1.65 g, 15 mmol) and triethylamine (1.5 g, 15 mmol) were 
dissolved together in CH3CN (35 ml). A solution of Co(N03)2 • 6H20  (1.45 g, 5 
mmol) in absolute ethanol (40 ml) at ~ 40° C was added over several minutes, 
followed by addition of a solution of Me4NCl (2.0 g, 18 mmol) in boiling methanol 
(15 ml). The resulting dark brown solution was left undisturbed at 0° C for 48 
hours, while dark brown-black crystals developed. The crystals were filtered, 
washed with 2-propanol, and dried in vacuo.
3.5.7 COBALT MERCAPTOETHANOL
To a solution of 0.06 M mercaptoethanol in 0.5 M Tris-HCl was added a 
solution of CoCl2 dissolved in 0.1 M HC1.
3.5.8 RUBREDOXINS
Rubredoxin (Rd) and desulforedoxin (Dx) from Desulfovibrio gigas were used 
for these studies. These were generously provided by Drs. Jose and Isabel Moura, 
from the Centro de Quimica Estructural in Lisboa, Portugal. For spectroscopic 
study of Rd and Dx, the samples were diluted with 50% ethylene glycol.
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Rubredoxin from Clostridium pasteurianum was isolated and purified in this 
laboratory. The bacterium was grown under anaerobic conditions at 35° C as 
described in reference 1. The cells were harvested aerobically in a flow through 
centrifuge and the resulting cell pasted was stored at - 80' C. All isolation 
procedures were carried at out at 4 ' C under aerobic conditions. Four to five 
hundred grams of wet cell paste were thawed overnight and then suspended in 0.05 
M potassium phosphate buffer, pH 7.8, to give a final volume of 900 ml. Aliquots 
of 40 ml each were sonicated for three minutes to rupture the cell membranes. The 
cells were spun for one hour at 18,000 rpm using a Sorvall RC-5B centrifuge 
equipped with a GSA rotor. The supemate was placed on a DEAE-52 ion exchange 
column (4 .5  x 20 cm ), equilibrated with four liters of 0.05 M phosphate buffer, 
pH 7, and washed with 400 ml of water. The rubredoxin (Rd) and the ferrodoxin 
(Fd) were coeluted with a aqueous linear salt gradient of 1.8 liters each from 0.7 
M NaCl to 0.1 M NaCl. The brown (Fd) and pink (Rd) fractions were collected 
and concentrated using a 200 ml Amicon ultrafiltration stiffed cell fitted with a YM5 
membrane, to a final volume of 15 ml. The proteins were then diluted to 200 ml 
with 0.15 M Tris-HCl, pH 7.4 and applied to a second DEAE-52 column ( 3 x 30 
cm ) equilibrated with the same Tris buffer. The proteins were eluted with a 
buffered linear salt gradient of 1.5 liters each from 0.27 M to 0.07 M NaCl. The
f
brown ferredoxin was eluted just after the pink rubredoxin. The rubredoxin was 
concentrated and desalted in a Amicon fitted with a YM5 membrane. The yield was 
approximately 13 mg/ 500 g cell paste. The purity was determined by the ratio 
A4 9 0 /A2 8 O = 0-38. This compares quite favorably to the purity ratio for single
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crystal absorption of 0.41 (8).
3 .5.9 CO BA LT(II) - SUBSTITUTED RUBREDOXINS AND 
DESULFOREDOXIN
Cobalt(H) - substituted rubredoxin and desulforedoxin from Desulfovibrio gigas 
were used for the spectroscopic studies. These were generously provided by Drs. 
Jose and Isabel Moura, from the Centro de Quimica Estructural in Lisboa, Portugal. 
For spectroscopic study of Co(II)-substituted Rd and Dx, the samples in buffer were 
diluted with 50% ethylene glycol.
Cobalt(II) - substituted rubredoxin from Clostridium pasteurianum was 
prepared in this laboratory from native rubredoxin isolated and purified as described 
in section 3.5.8.
The apoRd was prepared aerobically by following published procedures (8, 
9), by precipitation with trichloroacetic acid in presence o f 0.5 M 
2-mercaptoethanol. The protein was dialyzed (Spectraphor membrane tubing, 3500 
MW cutoff) against several exchanges of 10% acetic acid, concentrated, and the 
buffer changed to 0.5 M Tris with 0.06 M mercaptoethanol by using an Amicon 
ultrafiltration stirred cell with a YM5 membrane. The apoprotein was degassed on 
the vacuum line prior to use. Reconstitution of C. pasteurianum rubredoxin with 
cobalt in the present of mercaptoethanol was prepared in manner similar to 
previously published procedures for reconstitution of P. oleovorans Rd (9). A 
CoCl2 • 6 H20  solution in water was added to the apoprotein under anaerobic 
conditions, in a 1:1 ratio, to form the green Co(II) - Rd. The MCD spectra were
immediately recorded, and the EPR tube was immediately filled and frozen by 
rapid immersion in liquid nitrogen. The formation of the green reconstituted 
rubredoxin was monitored by UV-visible absorption spectroscopy. For the 
spectroscopic study of the air treated Co(II) - Rd, the sample was allowed to sit in 
the presence of air for ~ 30 minutes followed by recording of MCD spectra. 
UV-visible spectra were recorded immediately before and after the air treatment.
The Co(II) - substituted rubredoxin prepared as described above showed 
changes in the UV-visible spectra due to the oxidation of cobalt(II) mercaptoethanol 
present in the sample. To overcome the problems arising from the presence of 
mercaptoethanol, cobalt rubredoxin was prepared in the absence of 
2-mercaptoethanol. The apoprotein was prepared by variation of published 
procedures for P. oleovorans Coflll Rd (9.101 and cobalt(II) - MT (11,12,13). 
The Rd in 0. 15 M Tris, pH 7.46 (ca. 1 mg/ml) was made 5% (w/v) in TCA with 
30% (w/v) TCA. The protein was left at 0° C under N2 for 10 minutes. The solution 
was centrifuged for 20 minutes at 0° C and 15000 rpm using a Sorvall RC-5B 
centrifuge equipped with GSA rotor. The clear supemate was discarded. If any 
traces of pink color remained in the precipitate, the apoprotein was resupended in the 
buffer and reprecipitated. The white precipitate was dissolved in 0.5 M Taps, pH 
9.6, and then dialyzed (Spectraphor membrane tubing, 3500 MW) against four 
exchanges of 0.1 N HC1. The apoprotein was degassed on the vacuum line prior to 
use. A CoCl2 solution in water under anaerobic conditions was added to the 
apoprotein in a 1:1 ratio and then the pH was raised to 8 with 0.5 M Tris-HCl. The 
sample was frozen by rapid immersion in liquid nitrogen. The formation of the
reconstituted rubredoxin was monitored by UV-visible absorption spectroscopy. 
For MCD spectroscopy of the CoRd, the sample was thawed in the inert 
atmosphere box and diluted with 50% glycerol.
3.5.10 COBALT(H) - SUBSTITUTED METALLOTfflONEINS
Rabbit liver cadmium, zinc metallothionein II used for this study was purchased 
from Sigma. The purity o f the isoform was confirmed by nondenaturing 
discontinous polyacrylamide gel (8%) electrophoresis according to standard 
procedures (14).
The apoprotein was prepared aerobically (11,12), by dialyzing the 
metallothionein againist 3 exchanges of 0.1 N HC1. The dialysis tubing employed 
had a MW cutoff of 3500 (Spectraphor). The apoprotein was then concentrated 
under argon. The protein concentration was determined spectrophotometrically by 
measuring the absorption of the apoprotein at 220 nm in 0.1 M HC1, using an 
absorption coefficient corresponding to A22 o = 7.9 m g '1 ml cm '1 (11). This 
procedure for assessing the protein concentration is only accurate to 10%. The 
major sources of error being the presence of protein impurities and increased 
absorption due to sample inhomogeneity resulting in scattering of the transmitted 
light. More conventional methods of protein determination (i.e. Lowry or B iuret) 
were attempted, but they yield erroneous results because of the unusual amino acid 
composition of the apoMT. The apoprotein was degassed on the vacuum line prior 
to use. Cobalt metallothioneins of varying Co - to - thionein ratios were prepared
anaerobically by following previously published procedures (10). Apoprotein in 0.1 
M HC1 was mixed with freshly prepared aqueous solution of CoCl2 yielding the 
desired metal - to - protein ratio. The sample was then adjusted to pH 7.0 by 
addition of 0.5 M Tris-HCl. The metal -to - protein ratios o f the green cobalt 
derivatives were determined by the concentration o f CoCl2 added and by 
spectrophotometry of the apoMT at 220 nm. The Co(II) - MTs were diluted with 
40% glycerol (v/v) and the UV-visible spectra were recorded. EPR tubes and 
protein samples were immediately frozen in liquid nitrogen. The samples were 
thawed in the inert atomshere box and quantitatively diluted further with glycerol for 
MCD spectrocopy. The Co(II) - MTs are very oxygen sensitive to air, and exposure 
results in a light yellow product.
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4.0 COBALT (II) THIOLATE COMPLEXES
Research in the last decade has resulted in the emergence of a broad class of 
metal thiolates that encompass a substantial range of nuclearity and structural 
complexity (1-14). The chemistry of the iron-sulfide-thiolate complexes has been 
developed in considerable detail in order to provide biologically relevant analogues 
for iron-sulfur metalloproteins. As yet, a comparably extensive chemistry of cobalt 
thiolate complexes has not emerged, but increasing interest has been focussed on the 
complexes of cobalt with sulfur and sulfur-containing ligands, chiefly to serve as 
models for cobalt-cysteine coordination found in cobalt-substituted proteins; 
including alcohol dehydrogenase, blue copper proteins, and metallothionein.
4.1 INTRODUCTION
A review of all complexes of Co(II) and Co(III) with sulfur and 
sulfur-containing ligands will not be attempted in this work, instead only those 
Co(II)-thiolate complexes which could serve as models for cobalt-substituted 
metallothionein will be emphasized (15-43) (Fig. 4-1).
4.1.1 STRUCTURAL INFORMATION
4.1.1.1 Mononuclear Cobalt (II) Thiolate Complexes
Mononuclear Co(II) complexes with simple thiolate ligands; ethanethiolate 
(SEt"), benzenethiolate (SPh-), pentaflurobenzenethiolate (S(C6F 5)_), 
o-xylene-a,a'-dithiolate (S2-o-xyl2‘), and ethane-1,2-dithiolate (Edt2*) have been 
well characterized. The complexes are similar in that they all have approximate
7 5
tetrahedral geometry around the Co(II) ion.
[Co(S2C2H4)2]2-
X-ray diffraction studies of [Me4 N]2 [Co(S2C2H4)2] show that the crystal 
consists of two discrete mononuclear complexes, [Me4 N]2 [Co(S2 C2H4)2] and 
[Me4 N] [Co(S2 C2 H 4)2] (43). The CoS4  unit in [Me4 N ]2 [Co(S2 C 2 H4)2] is 
approximately tetrahedral, but is distorted toward D2d symmetry owing to ligand bite 
restrictions. The fact that the crystals contained both Co(II) and Co(III) thiolate 
complexes make the system unsuitable as a model for Co(II)-substituted 
metallothionein.
[Co(SPh)4]2'
Benzenethiolate has served as a ligand in several mononuclear Co(lI) complexes 
with different cations. Hollebone and coworkers first synthesized and characterized 
four coordinate m ononuclear com plexes with benzenethiolate and 
pentaflurobenzenethiolate (19,20). The crystallographic data on [Ph4 P]2 [Co(SPh)4] 
confirm that the Co(II) ions are four coordinate and the CoS4  units are distorted 
tetrahedra as shown in Fig. 4-1. The distortion involves a compression along one of 
the twofold axes resulting in D2d symmetry (29).
[Co(S2 -o-xyl)2]2*
X-ray diffraction data has not been reported for aqua blue crystals of
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Figure 4




(Me4N)2 (Co2lS2- o -x y l ) 3)- 5 M eO H
o  .




Ns/  Ns 
\ I 
CH, CHao
(Et4 N )2 (C0 3 S IS 2 " o - x y l l j )  M eC N
(B4N )2 (Co4ISEII10)
1. (continued) Schem atic representation o f cobalt thiolate 
complexes.
79
[Co(S2-o-xyl)2]2'. However, spectroscopic and magnetic studies are indicative of 
a distorted tetrahedral chromophore (28) (Fig. 4-1).
[Co(SEt)4]2-
As yet, crystallographic data has not been reported for the dark green needles of 
[Co(SEt)4]2‘, but spectroscopic studies again indicate a tetrahedral structure 
analogous to [Fe(SEt)4]2' (38) (Fig. 4-1).
4.1.1.2 Binuclear Cobalt (II) Thiolate Complexes 
[Co2 (S2-o-xyl)3]2-
X-ray diffraction studies of [Me4N]2 [Co2 (S2 -o-xyl)3] • 5MeOH showed that the 
Co2 S6  center consists of a edge-sharing CoS4  tetrahedra (42). One of the three 
S2 -o-xyl2" groups does not function as a chelate ligand but spans the Co2 S4 
fragment in a handle-like fashion (Fig. 4-1). Due to the restrictive geometry of the 
S2-o-xyl2', the complex is syn-exo type (42).
[Co2 (SEt)6]2-
Crystallographic studies o f [Et4 N ] 2 [C o 2 (S E t)6] show that it has 
centrosymmetric anti structure (Fig.4-1) while the dimer has the syn arrangement 
when crystallized in the form of its n-Bu4N+ salt (38). The species [Co2(SEt)6]2' 
are formed by two edge-shared imperfect tetrahedra that form a planar or nonplanar, 
syn or anti- [Co2 (m2  - SEt)2] bridge unit. The angles Co - Sb - Co and Sb - Co - Sb
are larger and smaller, respectively, than those of a perfect tetrahedral dimer (Sb = 
bridging S ).
4.1.1.3 Trinuclear Cobalt Thiolate Complex, [Co3 S(S2 -o-xyl)3]2*
Crystallographic studies of [Co3S(S2-o-xyl)3]2'  show that the metal-sulfide core
portion (Co3S7) consists of the apical p3 -S bonded to three atoms in a plane (37) 
(Fig. 4-1). Each pair of metal atoms are bridged by a p.2 ■ S atom. Each dithiolate 
ligand furnishes one bridging and one terminal atom to the Co3S7 central portion, 
with the cobalt atoms occupying distorted tetrahedral sites.
4.1.1.4 Tetranuclear Cobalt (II) Thiolate Complexes 
[Co4 (SEt)10]2-
An extensive literature search of [Co4 (SEt)10]2' revealed that, as yet, diffraction 
data have not been reported for this complex. However, since [Et4N]2 [Co4 (SEt)10] 
is isomorphous with its Fe(II) analogue (38), it is expected to contain an analogous 
adamantane-like Co4(p -S) 6  cage (Fig. 4-1).
[Co4 (SPh)10]2'
[Co4 (S P h )10]2" has been thoroughly characterized and shown to have an 
adam antane-like Co4 ( |i2 -S ) 6  cage structure. The crystal structure of 
[Me4 N]2 [Co4 (SPh)jQ] revealed that the cluster contains four cobalt atoms located at 
the vertices of an approximate tetrahedron, with six benzenethiolate ligands bridging 
along the edges of the tetrahedron and four benzenethiolate ligands terminally
bonded one on each cobalt atom. The coordination is approximately tetrahedral at 
each cobalt atom (26,30).
4.1.2 ELECTRONIC ABSORPTION SPECTRA
In tetrahedral symmetry Co(II) has three spin-allowed ligand field transitions. 
The lowest energy band, 4A2  —> 4 T2  (vj), is not often observed since it is weak. 
The transition is forbidden for the electric dipole absorption in pure tetrahedral 
symmetry, and it is often overlapped by vibrational bands. The 4 A2  —> 4 T2 (F) 
(v2) and 4 A2  —> 4T j(P) v3) transitions occur in the near-infrared and visible 
regions, respectively (44, 46). These bands are usually separated into several 
components by a combination of spin-orbit coupling and low symmetry crystal 
fields.
4.1.2.1 Mononuclear Cobalt (II) -Thiolate Complexes 
[Co(S2 -o-xyl)2]2'
The aqua blue complex is easily oxidized by air in solution and in the solid state. 
The absorption maxima of the complex dissolved in acetonitrile occur at 1550 and ~ 
1380 nm (shoulder) with extinction coefficients of 242 and 190 M ' 1 c m '1, 
respectively (Table 4-1).
TABLE 4 -1
ELECTRONIC ABSORPTION SPECTRA OF COBALT THIOLATE COMPLEXES
d-d
COMPLEX
S —>Co(H) CT 4A2 --> 4A,(P) 4A2 --> 4T j(F) Reference 



























































TABLE 4 - 1 CONTINUED
ELECTRONIC ABSORPTION SPECTRA OF COBALT THIOLATE COMPLEXES
d-d
S --> Co(II) CT 4A2 --> 4 i(P) 4A2 --> 4T j(F) Reference
COMPLEX X max, nm (£ a )
[Et4N]2[Co2(SEt)6]c 389(3200) 741 (490) 38
-320(3900) 688(460)
620 (350)
[Et4N]2[Co3S(S2-o-xyl)3]»MeCNc 580(1900)b 830(530)b 1500(650) 37
412 (9300)
380 (1500)b
[Et4N]2[Co4(SEt)10]c 389(3100) 740(510) 38
326 (4000) 688 (450)
610 (360)
[Me4N]2[Co4(SPh) 10]c 417(4380) 734(840) 1493(244) 30
693 (985) 1282 (228)
625(640)
[Me4N]2[Co4(SPh)10]f 428(4880) 782(331) 1265(241) 36
690 (460)b 
610 (812)




e dts = dithiosquarato. 
f  DMF
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In a N, N'-dimethylformamide solution of the complex, the absorption maxima 
occur at 788,684, 610, and 355 nm with extinction coefficients 460,645,481, and 
3450 M ' 1 cm"1, respectively (28). The spectrum of [Co(S2 -o-xyl)2]2" reveals a split 
v2  band and an especially clear case of resolution of v3 into three components with 
separations 1930 and 1770 cm '1. The separations, which are unlikely to arise from 
spin-orbit coupling effects alone, indicate there is rhombic distortion of the 
tetrahedral chromophore.
The room temperature MCD spectrum of [Co(S2 -o-xyl)2]2" in DMF (Fig. 4-2) 
exhibit two well-separated negative bands in the 600-800 nm region at 788 nm and 
695 nm, and a much smaller positive one at 627 nm which have been assigned to 
components of the spin allowed 4 A2  —> 4 Tj(P) (v3) d-d transition. The positive 
band at 627 nm has been proposed to be diagnostic for a mononuclear species (36). 
The weak negative MCD band at 588 nm most probably arises from the transition 
between the ground state and lower sublevels of the 2Tj state. The MCD bands at 
energies higher than that of 4 A2 (F) —> 4Tj(P) d-d transition have been assigned to 
sulfur-to-Co(II) charge transfer transitions. MCD provided an additional support for 
a tetrahedral environment around the Co(II) ion.
[Co(SPh)4]2"
Benzenethiolate has served as a ligand in several mononuclear Co(II) complexes 
with different cations. The complexes are easily oxidized in air either in solution or 
in solid state. The absorption maxima of [Bu4 N]2 [Co(SPh)4] in CH2C12  occur at 









Figure 4-2. MCD spectra o f Co(II) complexes o f simple thiolate 
ligands in DMF and at room temperature. ( — )
[Et4 N]?[Co(S,-o-xyl);?]; ( - - )  [Me4 N]2 [Co(SPh)4];
( -  - )  [Me4NJ2 [Co4 (SPh)jQ]. Figure taken from reference 36.
475, 300, and 3000 M "1 cm '1, respectively (Table 4-1). The absorption maxima for 
[Bu4 N]2 [Co(S(C6F5))4] in CH2C12  occur at 1590,765, 660, 625, and 368 nm with 
molar extinction coefficients of 65,457,400,300, and 3000 M ' 1 c m _1, respectively 
(19, 20). The bands at ca. 1470 and 625 nm can be assigned to 4 A2  —> 4Tj(F) 
and 4 A2  —> 4 Tj(P) d-d transitions, respectively. Ligand-field and interelectronic 
repulsion parameters for both of the complexes are also consistent with tetrahedral 
symmetry. The electronic spectra of [Ph4P]2 [Co(SPh)4] and [Ph4P]2 [Co(SPh)2Dts] 
(Dts = dithiosquarato) complexes are also indicative of tetrahedral coordination of 
the Co(II) ion (Table 4-1) (25).
[Co(SPh)4]2' has also been crystallized as the Me4N+ salt. Comparison of 
crystal phase reflectance spectra with absorption spectra of the complex dissolved in 
anhydrous acetonitrile indicated that the complex does not undergo any structure 
modification with phase change. The absorption maxima in acetonitrile occur at 
1493, 1282, 734, 693, 625, and 417 nm with extinction coefficients of 244, 228, 
840,985, 640, and 4380 M^cm"1, respectively (Table 4-1). Absorption maxima 
and extinction coefficients for the complex in acetonitrile (30) and 
dimethylformamide (36) are in good agreement and are consistent with tetrahedral 
coordination of Co(II) ion.
The room temperature MCD spectrum of [Me4N]2 [Co(SPh)4] in DMF is 
characterized by a positive (1530 nm) and a negative (1180 nm) band in the near IR 
region. The MCD spectrum in the UV-Visible region (Fig. 4-2) is similar to that of 
[Co(S2-o-xyl)2]2'  except there is greater separation of negative bands in 600-800 nm 
region for [Co(S2-o-xyl)2]2'  than for [Co(SPh)4]2'. The assignments are analogous
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to those for [Co(S2-o-xyl)2]2* indicative that Co(II) is in a tetrahedral environment. 
[Co(SEt)4]2*
Dark blue needles of [Me4N]2[Co(SEt)4] in acetonitrile yield absorption spectra 
which exhibit ligand field and charge transfer regions typical of tetrahedral 
[Co(SR)4]2* chromophores. The absorption maxima occur at ca. 730, 6 8 8 , and 
shoulders at ca. 630, 330, and 310 nm with extinction coefficients of 480, 515, 
340, 3250, and 7200 M*1 cm*1, respectively (38). Similar assignments may be 
made as those discussed above for [Co(SPh)4]2" and [Co(S2-o-xyl)2]2*.
4.1.2.2 Binuclear Cobalt (13) Thiolate Complexes 
[Co2 (S2 -o-xyl)3]2*
An extensive literature search revealed that spectroscopic data had not been 
reported for [Me4N]2 fCo2 (S2-o-xyl)3] • 5MeOH.
[Co2 (SEt)6]2*
Absorption maxima of a solution of [Et4N]2 [Co2 (SEt)6] in acetonitrile occur at 
741, 6 8 8 , ca. 620, 389, and ca. 320 nm with extinction coefficients of 490, 460, 
350, 3200, and 3900 M*1 cm*1 per cobalt atom, respectively (Table 4-1) (38).
t
Assignments are analogous to those for mononuclear cobalt thiolate complexes. 
However, the absorption spectrum of a solution prepared from [Co2(SEt)6]2* also 
contains features corresponding to those of [Co(SEt)4]2' and [Co4 (SEt)10]2'. This 
finding will be discussed later in a section concerning equilibria in solution (section
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4.1.4).
4.1.2.3 Trinuclear Cobalt (II) Thiolate Complex, [Co3S(S2 -o-xyl)3]2'
The absorption maxima for [E t4N]2 [Co3S(S2-o-xyl)3] • MeCN in acetonitrile 
occur at 1500, 830 (shoulder), 580(shoulder), 412, and 310 nm (shoulder) with 
extinction coefficients of 650, 530, 1900, 9300, and 15000 M ' 1 cm ' 1 (Table 4-1). 
The bands at 412 and 1500 nm arise from ligand to metal charge transfer and 4 A2 
—> 4Tj(F) d-d transtions, respectively. The three bands arising for the 4 A2  —> 
4 Tj(P) d-d transition of Co(II) in a tetrahedral environment are nearly obscured in 
the spectrum of [Co3S(S2-o-xyl)3]2'  by the intense charge transfer band trailing into 
the visible region. The shoulder at 830 nm was assigned to one component of the 
4 A2 —> 4 Tj(P) d-d transition.
^  NMR spectra of [Co3S(S2 -o-xyl)3]2" demonstrated that the solid state 
structure is retained in solution. Isotropic interactions afford well-resolved ^  NMR 
spectra of the Co(II) complex which exhibited eight resonances of equal intensity. 
Under C3 symmetry, all ring and methylene protons of the symmetry-related 
Co(S2-o-xyl) fragments are inequivalent. The four resonances furthest downfield in 
the spectrum arise from the methylene protons. This assignment is based on the 
larger linewidths due to the close proximity of the methylene protons to the 
paramagnetic centers and on the chemical shifts of the methylene protons which are 
what is expected due to the large contact contributions. The narrower and upfield 
set of four NMR signals are assigned to the ring protons (38).
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4.1.2.4 Tetranuclear Cobalt (II) Thiolate Complexes 
[Co4 (SEt)10]2'
The spectrum of [Et4N]2 [Co4 (SEt)10] in the ligand to metal charge transfer (<  
500 nm) and ligand field regions are consistent with a tetrahedral Co(II) thiolate 
chromophore. Absorption maxima occur at 740, 6 8 8 , 610, 389, and 326 nm with 
molar extinction coefficients of 510,450,360, 3100, and 4000 M ' 1 cm ' 1 per cobalt 
atom, respectively (Table 4-1) (38).
[Co4 (SPh)1Ql2-
Crystal phase reflectance and absorption spectra of [Co4 (SPh)10]2'  in dry 
acetonitrile indicate that the complex does not undergo any appreciable structure 
modification with phase change. Absorption maxima of [Co4 (SPh)10]2'  in dry 
acetonitrile occur at 1493 (shoulder), 1282,755, 715,613,440 (shoulder), and 351 
nm (shoulder) with extinction coefficients of 160, 185, 645, 604, 695, 4000, and 
5800 M ' 1 cm ' 1 per cobalt atom, respectively (Table 4-1).
Assignments for room temperature MCD (Fig. 4-2) and UV-Visible absorption 
spectra of [Co4 (SPh)10]2' are analogous to those for mononuclear Co(II) thiolate 
complexes. However, there are some significant differences in spectra of 
mononuclear and tetranuclear Co(II) thiolate complexes. The 4 A2  —> 4 Tj(F) and 
4 A2  — > 4Tj(P) band envelopes for the tetranuclear complexes, [Co4 (SEt)10]2'  and 
[Co4 (S Ph)10]2',  do not differ significantly in frequency from those of the 
mononuclear complexes, but there is an increased splitting in the 4 A2  —> 4 Tj(P) 
envelope in the tetranuclear complexes. The tetranuclear Co(II) thiolate complexes
exhibited broad intense absorption between 500 and 600 nm whereas the 
mononuclear complexes did not show any substantial absorption in this region. 
This was also confirmed by MCD spectra. The broad band in the range between 
500 and 600 nm is attributed to charge transfer transition from bridging thiolates to 
Co(H) ion. The tetranuclear complexes showed a broad absorption maxima in the 
387-357 nm region which was not present in the absorption spectra of the 
mononuclear complexes. This band, as well as a positive MCD band at 450 nm 
which occurred at higher energy for the mononuclear complexes, are assigned to S 
—> Co(II) charge transfer transition from bridging thiolates.
In summary, the assignments for the UV-Visible absorption and room 
temperature MCD of mononuclear and tetranuclear Co(II)-thiolate complexes are 
similar, but there are significant differences in the spectra which allow 
differentiation of Co(II)-thiolate complexes with only terminal thiolates from 
complexes with both terminal and bridging thiolates.
4.1.3 MAGNETIC PROPERTIES
As mentioned previously the spin only moment of tetrahedral Co(II) complexes 
is 3.87 B.M. (49). Typical values of the magnetic moments of high spin S = 3/2 
Co(H) complexes in a tetrahedral coordination environment are 3.98 - 4.82 B.M. 
(44).
[Co(S2-o-xyl)2]2'
Magnetic susceptibility studies of [Co(S2 -o-xyl)2]2'  showed effective magnetic
moments of 4.48 B.M. and 4.60 B.M. at 20 K and 280 K, respectively (Table 4-2) 
(28). The magnetic moments of [Co(S2 -o-xyl)2]2" are consistent with a high spin 
(S = 3/2) ion in tetrahedral symmetry.
[Co(SPh)4]2-
Room temperature effective magnetic moments, 4.42, 4.69, 4.75, and 4.42 
B.M. for [Bu4 N]2 [Co(SPh)4], [Bu4N]2 [Co(S(C6F5))4], [Ph4P]2 [Co(SPh)4], and 
[Ph4 P]2 [Co(SPh)2 (dts)] , respectively are consistent with high spin S = 3/2 Co(II) 
in tetrahedral coordination environment (Table 4-2) (19,20,25).
[Co2 (SEt)6]2‘ and [Co2 (S2 -oxyl)3]2-
An extensive search of the literature has not revealed any reported magnetic data 
on the binuclear cobalt(II)-thiolate complexes. It is anticipated that if both cobalt 
atoms in the complexes are high spin (S = 3/2) Co(II) ions in tetrahedral symmetry, 
magnetic coupling could occur, most probably antiferromagnetic. As a result the 
dimer would be expected to be diamagnetic or to have magnetic moments 
significantly less than the spin only value.
TABLE 4-2
MAGNETIC MOMENTS OF COBALT THIOLATE COMPLEXES
COM PLEX |ie ff(B .M .)a REFEREN CE
[Et4N]2 [Co(S2 -o-xyl)2] 4.48 (20 K) 
4.60 (280 K)
28
[Bu4N]2 [Co(SPh)4] 4.42 19, 20
[Ph4 P]2 [Co(SPh)4] 4.75 25
[Bu4 N]2 [Co(S(C6 F5))4] 4.69 19, 20
[Ph4 P]2 [Co(SPh)2dts] 4.42 25
[Et4N]2 [Co3S(S2-o-xyl)3]*MeCN 1.93 (234 K) 
2.00 (295 K)
37
[Me4 N]2 [Co4 (SPh)10] 2.01 (84.8 K) 
2.94 (295 K)
30
a per metal atom 
b dts = dithiosquarato
[Co3S (S2-o-xyl)3]2'
The effective magnetic moments of the complex (Table 4-2) are markedly lower 
than those expected for high spin S = 3/2 Co(II) ion. For example, at 234 K the 
effective magnetic moment per Co in this complex is 1.93 B.M. The magnetic 
moments of [Co3 S(S2-o-xyl)3]2" are consistent with the presence of a species with 
overall trigonal symmetry in which the approximately tetrahedral Co(II)S4 
chromophores are anti-ferromagnetically coupled. Although magnetic 
susceptibility studies are indicative of antiferromagnetic coupling in the complex, 
no information has been reported as to the nature of the ground state of the 
complex.
[Co4 (SPh)10]2-
Magnetic susceptibilty studies o f [Me4 N]2 [Co4 (SPh)10] over a range of 
temperatures from 295 to 84.8 K indicate the effective magnetic moments per cobalt 
atom span a range of 2.94 to 2.01 B.M., respectively (Table 4-2) (30). The 
magnetic moments are consistent with antiferromagnetic coupling between the high 
spin Co(II) ions. A coupling constant, J = -17 cm"1, has been reported, but there is 
as yet little information about the nature of the ground state.
t
4.1.4 EQUILIBRIA IN SOLUTION
Mixtures of Co(N03 ) 2 • 6H20  and PhSH plus Et3N+ in CH3CN have been 
studied by UV-visible absorption. PhS7Co(II) molar ratios of 2, 3, 4, and 5 
provided evidence for the existence of equilibria involving [Co(SPh)4]2",
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[Co2 (SPh)6]2", and [Co4 (SPh)10]2' (30). The results of the absorption studies have 
been interpreted in terms of the following equilibria:
[Co4 (SPh)10]2- + 2PhS- = 2[Co2 (SPh)6]2'
[Co2 (SPh)6]2'  + 2PhS’ = 2[Co(SPh)4]2'
Emerald green, [Co(SPh)4]2', and intense brown, [Co4 (SPh)10]2‘, are formed 
in solution with high equilibrium concentrations. In acetonitrile, at room 
temperature, [Co(SPh)4]2' is the principal species when the PhS'/Co(II) ratio is 
greater than 4, while [Co4 (SPh)10]2'  predominates when this ratio is less than 3.
As mentioned previously, the solution absorption spectra of [Co2 (SEt)6]2' 
contained features corresponding to mononuclear and tetranuclear species. *H NMR 
studies showed that [Co(SEt)4]2',  [Co2 (SEt)6]2',  and [Co4 (SE t10]2' are in 
equilibrium in solution, analogous to those of Co(II) benzenethiolate complexes.
The large contact shifts induced by paramagnetic Co(II) (S = 3/2) afforded fully 
resolved NMR spectra. In figure 4-3, the CH2  resonances for bridging and 
terminal ligands are shown, while the CH3 resonances occur at higher fields (38).
The presence of only one CH2  resonance at -190 ppm (spectrum A, Fig. 4-3) is 
indicative of only the mononuclear, [Co(SEt)4]2', species in solution. Since the 
CH 2  protons of [Co(SEt4]2" are equivalent and in close proximity to the 
paramagnetic Co(II), they are expected to show a single resonance with large 
contact contributions to their chemical shift. The NMR spectrum of 
[Co4 (SEt)10]2‘ (spectrum C, Fig.4-3) showed peaks at -116.6 and -105.1 ppm
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F igure  4-
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-116.6-105.1
. NM R sp ec tra  o f o f [C o (S E t.)]-2, [C o ,(S E t)  J ' 2, and 
[ C o a . ( S E t ) j 0 ] " 2  in C D ,C N  so lu tions a t  297 K. (A)
[Et4 % [C o(SEt)4]; (B) [Et4N}2 [Co2 (SEt)6];
(C) [Et4 N]2 [Co4 (SEt)jg] Figure taken from reference 38.
arising from the bridging and terminal CH2  resonances, respectively. The *11 NMR 
spectra of [Co2 (SEt)g]2" is expected to show two peaks arising from the CH2 
resonances of the terminal and bridging ligands, however the spectra (spectrum B, 
Fig. 4-3) showed CH2  resonances of [Co(SEt)4]2'  and [Co4 (SEt)10]2* as well as 
those that arise from the dimer ( - 1 1 1  and - 1 0 0  ppm) which have intensity ratio of 
2:1 terminal:bridging. Addition of [CoSEt)4]2‘ to a solution containing 
[Co2 (SEt)6]2'  increased the signal intensity o f the dimer relative to those of 
[Co4 (SE t)10]2'. The NMR spectra have been interpreted in terms of the 
following equilibrium:
3[Co2 (SEt)6]2- = 2[Co(SEt)4]2- + [Co4 (SEt)10]2-
Evidence that the equilibria are solvent dependent was provided by Dance et 
al. (30) in the absorption studies of the Co(II) benzenethiolate complexes. For 
example, the addition of MeOH in approximately equal volume to an emerald green 
solution of [Me4N]2 [Co(SPh)4] in CH3CN resulted in a change to the dark brown 
of [Co4 (SPh)10]2\  Addition of less than 10 % H20  to [Me4 N]2 [Co(SPh)4] in 
CH3CN caused a pronounced change to the dark brown, indicating thiolate bridge 
formation. Dance et al. (30) found that the thiolate bridges in [Co4 (SPh)10]2'  could 
be disrupted by coordinating solvents, such as pyridine and Me2 SO, to produce the 
green solutions characteristic of the mononuclear complex. When equal volumes of 
CCI4  were added to a Me2SO solution of [Co4 (SPh)10]2', a 50 % reversion from 
the mononuclear complex to the tetranuclear complex occurred.
Comparison of absorption maxima for [Co4 (SPh)10]2* in DMF and CH3 CN 
show similarities in the frequencies, but the molar absorptivities at 755,715, 613,
and 440 nm in DMF differ significandy from those in CH3CN (Table 4-1) which 
indicate that DMF can disrupt the bridging thiolates of the tetranuclear species.
Based on the absorption studies of the solvent effects on the solution equilibria 
of Co(II) benzenethiolate complexes, it appears that the Co(II) benzenethiolate 
coordination is not hydrolytically unstable, but that protic solvents, such as H20 , 
strongly influence the coordination equilibria.
3.1.5 OBJECTIVES
The objectives of this work involved the characterization of the electronic and 
magnetic properties of mono-, bi-, tri-, and tetranuclear Co(II)-thiolate complexes 
using low temperature MCD spectroscopy combined with parallel EPR and 
UV-visible absorption studies. The following complexes were investigated 
[C o (S 2 - o - x y l)2]2-, [Co(SEt)4] 2' ,  [Co(SPh)4]2-, [Co2 (S E t) 6]2-,
[Co3S(S2-o-xyl)3]2', and [Co4 (SEt)10]2'. In each complex cobalt(II) has an 
approximately tetrahedral environment of sulfur and thus constitutes a possible 
analog of the biological coordination of Co(II)-reconstituted metallothioneins. The 
results of these studies of model complexes facilitated interpretation of low 
temperature MCD studies of Co(II) - substituted metallothionein. As such they were 
a necessary prerequisite to the elucidation of the nature of the multiple Co(II)-thiolate 
clusters in metallothionein and to the establishment of the mechanism of the metal 
cluster assembly in Co(II)-reconstituted metallothioneins.
4.2 RESULTS
4.2.1 MONONUCLEAR COBALT(II) THIOLATE COMPLEXES
4.2.2.1 [Et4 N]2 [Co(S2-o-xyl)2]
In common with other high spin S = 3/2 Co(II) complexes (44), the EPR signal 
is fast relaxing and is best observed at 4 K. EPR spectra of [Co(S2-o-xyl)2]2' 
(spectrum A, Fig. 4-4) show a broad rhombic signal with g-values 5.88, 2.6, and 
1.931 that arise from the lowest, zero field doublet of the S = 3/2 ground state. The 
signal corresponds to a very fast relaxing species and is not saturated at 50 mW at 9 
K. The spectrum changes appreciably in the temperature range 9 K to 71 K with a 
significant increase in relaxation broadening as the temperature is raised above 9 K 
(Fig. 4-5).
Room temperature UV-Visible absorption spectra of [Co(S2-o-xyl)2]2" in 
DMF/DMA (3:1) (v:v) are very similar to those reported by Lane, et al. in 
acetonitrile (Fig. 4-6). The absorption bands occur at 788, 685, 610, and 355 
(shoulder) nm with extinction coefficients of 434, 591, 460, and 3248 M ' 1 cm '1, 
respectively. Extinction coefficients and band positions are in good agreement with 
those reported in CH3CN (Table 4-3).
The MCD spectra at 4.5 T at temperatures between 1.67 K and 6 8  K show 
seven temperature dependent bands, C terms, in the 300 -800 nm region (Fig. 4-6). 
The two well separated negative bands at 775 and 673 nm, and the smaller positive 
band at 615 nm are attributed to components of the 4 A2  —> 4T 1(P) d-d transition.
1 The principal g values quoted for all Co(II) EPR spectra correspond to 
maxima, crossover, and minima of the spectra.
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Figure 4.4 EPR spectra of m ononuclear cobalt thiolate complexes.
A. [Et4N]2 [Co(S2-o-xyl)2] in DMF/DMA (3:1) (3.4 mM).
Conditions: microwave power, lmW; gain, 1.25 x 103; temperature,
5 K; modulation amplitude, 0.63 mT; microwave frequency, 9.461 
GHz.B. [Me4 N ]2 [C o(S E t)4] in DMF/DMA (3:1) (7.8 mM). 
Conditions: microwave power, 5 mW; gain, 1.25 x 103; temperature, 
11 K; modulation amplitude, 0.63 mT; microwave frequency, 8.994 
GHz. C. [Me4 N]2 [Co(SPh)4] in DMF (1.2 mM). Conditions: 
microwave power, 20 mW gain, 6.3 x 10; temperature, 9 K; 
modulation amplitude, 0.63 mT; microwave frequency, 8.983 GHz.
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Figure 4-5. EPR  spectra  o f [Et4 N ]2 [C o (S 2 -o -x y l)2]. [C o (S 2 -o -x y l) 2 ] ' 2  
in DMF (3.0 mM). Conditions: microwave power, 1.0 mW; 
modulation amplitude, 0.63 mT; microwave frequency, 8.980 GHz; 
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Figure 4 -6 . Room tem peratu re  UV-visible absorption and low
tem peratu re  M CD spectra of [E t4 N ]2 [Co(Sj>-o-xyl)2].
[Co(S2 -o-xyl)2 ] ‘2  in DMF/DMA (3:1) (0.55 mM). Conditions for 
MCD spectra: (magnetic field, 4.5 T; pathlength, 0.1608 cm;
temperatures, 1.67, 4.22, 8.1, 12, 25, and 6 8  K (intensity of 
transitions increasing with decreasing temperature). Conditions for 
UV-Visible absorption: concentration 3.0 mM; pathlength, 0.1cm.
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TABLE 4-3
EXTINCTION COEFFICIENTS OF [Et4N]2[Co(S2-o-xyl)2] IN DMF/DMA
SAMPLE 788 nm
£ M' 1 cm' 1
685 nm 610nm 355 nm
1 418 582 439
2 425 600 450 3300
3 492 654 522 3492
4 403 528 430 2951
Mean 434 591 460 3248
S.D. 39 52 42 274
% relative S.D. 9 9 9 8
CH3 CNa 460 645 481 3450
% relative deviation 6 8 4 6
a Reference 28
Previous room temperature MCD studies (36) have suggested that the band at 615 
nm is diagnostic of a mononuclear complex. The cobalt to sulfur charge transfer 
transition gives rise to the four bands at 388, 367, 340, and 315 nm. Low 
temperature MCD spectra of [C o ^ -o -x y l^ ]2'  indicate that the Co - S center is a 
paramagnetic chromophore, since the intensity of all transitions increase with 
decreasing temperature.
The low temperature MCD spectra resemble the room temperature spectra 
reported by Nakata et al. (36) except that there is increased intensity of the band at 
673 nm with respect to the band at 775 nm and an absence of the slight negative 
band at 588 nm. This shows that C terms are the dominant feature in the MCD 
spectrum at room temperature.
In an attempt to ascertain the electronic ground state of the complex, MCD 
magnetization data were recorded at 673 and 385 nm (Fig. 4-7). MCD 
magnetization data at all wavelengths (especially 385 nm) show nesting, indicating 
the presence of a low lying excited states that become populated at temperatures as 
low as 4.2 K. Zero field splitting, the most likely reason for the presence of low 
lying excited states, is consistent with a paramagnetic Co - S center with a ground 
state spin S > 1/2.
Attempts to fit magnetization curves to theoretical plots were limited to the 
lowest temperature detected, 1.67 K, since only the lowest doublet will be 
significantly populated under these conditions. Magnetization data show that at 673 










Figure 4 -7 . MCD magnetization data for [Et4N ]2[C o(S2-o-xyI)2]
in DMF/DMA (3:1) (0.55 mM). Temperatures: 1.66 K ( x ), 
4.22 K( • ) ,  8.1K( A ), 1 IK (□ ); wavelenghts as indicated; magnetic 
fields between 0 and 4.5 T. Solid lines indicate theoretical 
magnetization curves with g 11 = 5.98, g± = 2.33, and polarization 
ratios of m2/m+ = -0.3 at 673 nm and mz/m+ = -25 at 385 nm.
104
state, since the experimental curves are well fit by theoretical curves constructed 
using the EPR determined g values, i.e. g ,, = 5.98 and g± = 2.33. Theoretical 
simulations which correlate best to experimental data are depicted by the solid lines 
in Fig. 4-7. Simulation of experimental data at 673 and 385 nm show differences in 
the polarization ratios, mz/m + = -0.3 and mz/m+ = -25 at 673 nm and 385 nm, 
respectively. As [Co(S2 -o-xyl)2]2'  contains only a single chromophore the 
magnetization data indicates the 673 nm and 385 nm transitions are predominantly 
xy - polarized and z - polarized, respectively. Clearly, a paramagnetic Co - S center 
with S = 3/2 ground state is reponsible for the observed low temperature MCD 
spectrum.
[Co(S2 -o-xyl)2]2* is easily oxidized in solution and solid state. To ensure that 
none of the results obtained were caused by involuntary air damage during the 
handling of the samples an oxidized form of the complex was investigated. 
Exposure of [Co(S2-o-xyl)2]2'  in DMF/DMA to oxygen resulted in a loss of 
absorption in the 600 - 800 nm region, the emergence o f a band at 480 nm, and 
strong absorption below 410 nm in the room temperature UV-visible spectrum (not 
shown). Urry et a l . (16) found similar effects upon exposing cobalt(II)-cysteine 
samples to oxygen. Low temperature MCD spectra o f air oxidized 
[Co(S2 -o-xyl)2]2'  (not shown) were weak and temperature-independent, indicating 
oxidation to diamagnetic, low-spin Co(M) on exposure to oxygen.
4.2.1.2 [Me4 N]2 [Co(SEt)4]
The EPR spectrum of [Co(SEt)4]2'  in DMF/DMA (3:1) shows a rhombic signal
with g = 5.98, 3.47, and 2.001 (spectrum B, Fig. 4-4). The signal is not saturated 
at 50 mW at 11 K; 2.0 mW at 5 K. At 5 K, the signal already shows some 
relaxation broadening, and by 30 K appreciable changes occur. The form of the 
spectra and relaxation properties are very similar to those of [Co(S2-o-xyl)2]2'.
Room temperature UV-visible absorption spectra of [Co(SEt)4]2'  in CH3CN are 
characteristic of tetrahedral cobalt thiolate complexes (Fig. 4-8). As in previous 
studies (38), the spectrum is composed of three peaks at 730, 6 8 8 , and 630 nm, 
assigned to 4 A2  —> 4T2 (P) d-d transition, and a shoulder at 345 nm due to S —> 
Co charge transfer transition (Fig. 4-8). Absorption spectra in DMF/DMA (3:1) are 
similar to spectra in CH3CN. The absorption maxima occur at 730, 6 8 8 , and 630 
nm with extinction coefficients at 497, 519, and 397 M ' 1 cm '1, respectively. These 
values differ by less than 20 % from values with CH3CN (Table 4-4).
On addition of 10 % H2 O to [Co(SEt)4]2", the absorption spectrum shows an 
increase in the absorption at 740, 389, ~ 330, and 500 - 600 nm region, suggesting 
the formation of polynuclear species with bridging thiolates. The increase in the 
splitting of the 4 A2 —> 4Tj(P) envelope, is consistent with the formation of 
tetranuclear Co(II)-thiolate species. The absorption spectrum also changed from that 
of a mononuclear Co(II)-thiolate species to that of a tetranuclear species on the 
addition of 50% methanol to [Co(SEt)4]2'  in DMF/DMA (3:1). These results are 
consistent with the solvent dependent solution equilibria established between mono-, 
bi-, and tetranuclear Co(H) benzenethiolate complexes by Dance et al. (30).
As expected, and in agreement with previous reports (38), the ^  NMR spectra 
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F igure 4 -8 . Room tem perature  UV-visible absorption spectra of 
[C o (S E t)4]-2, [Co2 (S E t)6]-2, an d  [Co4 (S E t ) , 0 ] - 2 in 
C H 3 CN. Nominal solute concentrations are 4-5 mM; molar 
absorptivities are based on cobalt. ( — ) [Co(SEt)4]’2;
( -  ) [Co^SEOgT2; ( — ) [Co4 (SEt)10l-2.







F igure 4 -9 . 1H NMR sp ec tra  o f [Co(SEt) 4 ] ' 2 and  [Co4 (S E t)iQ ] ' 2  in 
CD 3 CN. solutions a t room tem perature. (A) [Co(SEt)4 ] ‘2 
(4.6 raM); 100 MHz. (B) [Co4 (SEt) 10]-2  (20 mM); 200 MHz.
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TABLE 4 - 4
EXTINCTION COEFFICIENTS OF [Me4N]2 [Co(SEt)4] IN DMF/DMA
£ M ' 1 cm _1
SAMPLE 730 nm 6 8 8  nm 630 nm
1 507 522 384
2 579 611 497
3 480 497 361
4 422 447 346
Mean 497 519 397
S.D. 65 69 6 8
% relative S.D. 13 13 17
CH3 CNa 480 515 340
% relative deviation 13 13 2 0
a Reference 38
4-9). However, additional CH2  resonances were observed at - 105 and -116 ppm 
(assigned to [Co4 (SEt)10]2‘) and -100 and -111 ppm (assigned to [Co2 (SEt)6]2'). 
*H NMR spectra (not shown) confirm that an impurity of less than 10% H20  in the 
solvent, even with high concentrations of [Co(SEt)4]2‘, shifts the equilibria towards 
bridging thiolates. Clearly, the possibly that the samples used for spectroscopic 
investigation contained variable amounts of bi- and tetranuclear clusters must be 
considered in interpreting the data.
Room temperature UV-visible absorption and low temperature MCD spectra of 
[Co(SEt)4]2'  (9.2 mM) in DMF/DMA (3:1) over the wavelength region 800 - 400 
nm are shown in Fig. 4-10. The absorption spectrum shows no evidence for the 
formation of significant amounts of polynuclear complexes. Spectra below 410 nm 
could not be obtained due to the high concentration of the sample. The low 
temperature MCD spectra for the sample at 4.22, 7.4, 28, and 82 K and 0.82 T 
show temperature dependent transitions throughout the visible region, indicating a 
paramagnetic Co - S center. The spectra exhibit negative bands at 701 and 673 nm 
and a positive band at 618 nm.
The room temperature UV-visible spectrum (Fig. 4-11) for 1.1 mM 
[Co(SEt)4]2'  sample suggests that impurities in the solvents, e.g. H20 , resulted in a 
mixture of mono-, bi-, and tetranuclear species in solution (c./. Fig. 4-8). The low 












F igure  4 -1 0 . Room tem peratu re  UV-visible absorption and low
tem p era tu re  M CD spec tra  of [M e4 N ]2 [C o (S E t)4] in 
DMF/DMA (3:1) (9.2 mM). Conditions: magnetic field, 0.82 T; 
pathlength, 0.1656 cm; temperatures, 4.22, 7.41,28, and 82 K 
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F igure  4 -1 1 . Room tem peratu re  UV-visible absorption and low
tem peratu re  MCD of [Me4N]2 [C o(SEt)4] in DMF/DMA 
(3:1) ( ~1.1 mM). Conditions: magnetic field, 4.5 T; 
pathlength, 0.1613 cm; temperatures, 1.61,4.22,10.4, and 108 K 
(intensity of transitions increasing with decreasing temperature).
108 K and 4.5 T show four negative bands at 700, 671,338, and 319 nm, and three 
positive bands at 618, 394, and 365 nm (Fig. 4-11). The bands in the 600 - 800 nm 
region are assigned to the 4 A2  — > 4T2 (P) d-d transition The four bands below 500 
nm arise from S —> Co charge transfer transitions. The MCD spectra of a 1.1 mM 
sample of [Co(SEt)4]2'  follows the same pattern for 9.2 mM sample in the 600-800 
nm region except for differences in the ratio for the intensities of the 670 nm and 700 
nm bands.
In the 1.1 mM sample the 108 K spectrum, enlarged in the middle panel in Fig. 
4-12, differs from the 4.22 K spectrum (upper panel, Fig. 4-12) in the energies of 
the negative MCD bands in 600 -800 nm region. The most noticeable difference 
between these two spectra is the shift o f the 108 K to a lower energy of 
approximately 10 nm for the band at approximately 700 nm and to a higher energy 
of approximately 10 nm for the band at approximately 670 nm.
In order to obtain a better idea of the form of the temperature dependent MCD 
spectra arising from [Co(SEt)4]2", any diamagnetic contribution was eliminated by 
subtracting the MCD spectrum at 108 K from those at 1.61, 4.22, and 10.4 K. The 
resultant difference MCD spectra are presented in the bottom panel, Fig. 4-12. The 
difference spectra are similar to those of the 9.2 mM sample in the intensities of the 
MCD bands at ~ 670 nm and ~ 700 nm. This result shows that the more dilute 
sample contains a substantial contribution from a diamagnetic Co thiolate center. 
This contribution is most significant in the highest temperature MCD data. As will 
be shown below, the form of the MCD from the diamagnetic component is 
consistent with assignment to the tetranuclear cluster.
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F igu re  4 -1 2 . Low tem p era tu re  MCD sp ec tra  of [Co(SEt)4] '2]
(~ 1.1 mM) in DMF/DMA (3:1). Upper panel. [Co(SEt)4] '2 ; 
temperatures, 1.61,4.22,10.4, and 108 K. Middle panel. 108 K 
spectrum enlarged five times. Bottom panel. Difference spectra; 
temperatures, 1.61,4.22, and 10.4 K.
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The low temperature MCD spectrum of [CoCSEt)^2'  (bottom panel, Fig. 4-12) 
exhibits a small broad positive band at 394 nm that does not occur in the low 
temperature MCD spectra for [Co(S2-o-xyl)2]2*, cobalt-substituted rubredoxins, or 
cobalt-substituted metallothioneins with one or two cobalt atom(s) per molecule. 
The origin of the band is not known but could possibly arise from transitions of a 
binuclear species, [Co2 (SEt)6]2', species. The magnetic properties of such a 
binuclear complex are not known.
Exposure of [Co(SEt)4]2‘ to oxygen resulted in significant changes in the 
absorption spectra. The absorption in the d-d region (600 - 800 nm) was lost, and 
bands emerged at ~ 465 nm and ~ 380 nm, indicating oxidation to Co(EI).
4.2.1.3 [Me4 N]2 [Co(SPh)4]
[Me4N]2 [Co(SPh)4] in DMF exhibit a rhombic EPR spectrum with g values of 
5.70, 3.38, and 2.001 (spectrum C, Fig. 4-4) at 9 K. This signal corresponds to a 
very fast relaxing species that is not saturated at 50 mW at 11 K.
Room temperature UV-visible spectra of [Co(SPh)4]2'  in dry DMF and 
DMF/Toluene (not shown) are consistent with the formation of polynuclear thiolates 
in solution. Low temperature MCD spectra (not shown) of the corresponding 
samples show temperature dependent spectra. The spectra exhibit two negative 
bands and a smaller positive band in the 600 - 800 nm region while a pair of positive 
and negative bands occur below 500 nm. The wavelenghths and intensities of the 
temperature dependent MCD bands are consistent with a mononuclear complex as 
the dominant species in solution. However, an extensive low temperature MCD
study of [CoCSPhXj]2'  was not undertaken due to the interference of polynuclear species 
such as [Co4 (SPh)10]2', in solution.
4.2.2 [Et4 N]2 [Co2 (SEt)6]
The room temperature absorption spectrum of [Et4N]2 [Co2 (SEt)6] in acetonitrile 
(Fig. 4-8) is similar to that reported (38) and shows features attributable to [Co(SEt)4]2" 
and [Co4 (SEt)10]2'  as well as those of [Co2 (SEt)6]2\
For d7 Co(II) ions in a binuclear complex, the complex would be expected to be 
diamagnetic or even spin as a result of magnetic coupling between the cobalt atoms and 
hence not give rise to any EPR spectrum. This is not the case, a broad rhombic EPR 
signal at 11 K occurred for [Co2 (SEt)6]2'  in solution showing the presence of the 
paramagnetic mononuclear complex. Because of the observed disproportionation of the 
binuclear species in solution, low temperature MCD studies were not performed.
4.2.3 [Et4N]2 [Co3S(S2-o-xyl)3] • MeCN
[Et4N]2 [Co3S(S2-o-xyl)3] • MeCN in DMF/DMA (3:1) gives rise to a broad 
isotropic EPR signal (Fig. 4-13) with gav = 1.95. Power saturation commences at 
20 mW at 11 K and the signal is saturated at 1.0 mW at 5.2 K. The spectrum was 
quantified under nonsaturating conditions at 1 mW at 11 K, versus a 
metmyoglobincyanide standard. Spin quantitations for three samples gave an 
average value of 0.84 spins/molecule at 1.0 mW and 5.0 mW at 11 K. The 
spectrum is still detectable up to 30 K but undergoes appreciable relaxation 
broadening. The g-value and the relaxation characteristics are consistent with the
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g = 2.07
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F igu re  4 -1 3 . E PR  spectrum  o f [E t4 N ]2 [C o ,S (S 2 -o -x y l)3] • MeCN in 
DMF/DMF (3:1) (3.9 m M )/ Conditions: microwave power, 
lmW; temperature, 11 K; modulation amplitude, 0.63 mT; microwave 
frequency, 8.990 GHz.
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presence of a paramagnetic transition metal center with a rapidly relaxing S = 1/2 
ground state.
The room temperature UV-visible spectrum of [Co3 S(S2 -o-xyl)3]2" in 
DMF/DMA (Fig. 4-14) is relatively featureless with a broad shoulder centered at 
589 nm characteristic of the multiple overlapping S — > Co charge transfer 
transitions. The typical three bands of 4 A 2  —> 4 T 2 (P) parentage, seen in 
[Co(S2-o-xyl)2]2", and other Co(II) tetrahedral complexes are obscured in the 
spectrum by the intense charge transfer absorption trailing into the visible region. 
Absorption maxima in DMF/DMA occur at 580,412, and 310 nm with extinction 
coefficients of 2037, 9077, and 15242 M ' 1 cm"1 per cobalt atom. The extinction 
coefficients in DMF/DMA differ by < 8 % from previous studies in acetonitrile (37) 
(Table 4-5).
The low temperature MCD spectra at 4.5 T at temperatures between 1.76 and 
6 8  K show multiple temperature dependent bands throughout the spectrum (Fig. 
4-14). The spectra indicate the presence of a paramagnetic chromophore, since the 
intensities of all the transitions increase with decreasing temperature. The most 
noticeable difference between the low temperature MCD of [Co3S(S2-o-xyl)3]2" and 
those of mononuclear cobalt(II) thiolate complexes is a greater number of bands than 
expected for 4 A2  —> 4T2 (P) d-d transition in the 600 - 800 nm region. By analogy 
with Fe - S clusters which have been extensively investigated by low temperature 
MCD spectroscopy (37), the greater complexity of the spectra is attributed to overlap 
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F igu re  4 -14 . Room tem peratu re  UV-visible and  low tem peratu re  MCD 
spectra  of [E t4 N ]2 [C o 3 S(S 2 -o-xyl)3] • MeCN in 
DMF/DMA (3:1) (0.75mM). Conditions: magnetic field, 4.5 T; 
pathlength, 0.1661 cm; temperatures, 1.76, 4.22,11,26, and 6 8  K 
(intensity of transitions increasing with decreasing temperature).
TABLE 4-5
EXTINCTION COEFFICIENTS OF [Et4N]2[Co,S(S2-o-xyI),]*MeCN
IN DMF/DMA
E M "1 cm -1
SAMPLE 580 nm 412 nm 310 nm
1 2051
2 2091
3 2083 8988 14524
4 2048
5 2036 9428 15625
6 1953
7 2078 8312 13377
8 2233
9 2200 10333 18333
10 1875 --------
11 1922 8182 13777
12 1931
13 1986 9216 16216
Mean 2037 9077 15242
S.D. 100 789 1903
% relative S.D. 5 9 12
CH3CNa 1900 9300 15000
% relative deviation 7 2 2
a Reference 37
Magnetization data taken at 435 and 378 nm (Fig. 4-15) show that the 
transitions originate exclusively from an S = 1/2 ground state since the experimental 
curve is well fit by simulations using an isotropic g-value of 1.95 which 
corresponds to the average g-value of the observed EPR signal. Since the 
magnetization data at all temperature investigated form a smooth curve, it can be 
concluded that no low lying excited states are populated over the temperature range 
of the experiment Clearly, the S = 1/2 state that is responsible for the EPR signal is 
also the ground state for the observed electronic transitions. Therefore, both EPR 
and low temperature MCD data concur in finding the three high spin Co(II) ions in 
[Et4 N]2 [Co3S(S2-o-xyl)3] • MeCN are antiferromagnetically coupled to yield a S = 
1 /2  ground state.
To ensure that none of the obtained results were caused by involuntary air 
damage during the handling of the sample, [Co3 S(S2 -o-xyl)3]2'  was purposely 
exposed to air. The room temperature UV-Visible spectra of air-treated samples are 
shown in Fig. 4-16. The absorption spectrum changes with time show a loss in the 
intensity of the band at 410 nm and emergence of a band at 489 nm. After 
approximately 1 hour there was no further change in the absorption spectra and low 
temperature MCD spectra of the air oxidized sample were recorded. The spectra 
were weak and temperature independent, indicating a diamagnetic chromophore, and 
are consistent with oxidation to a low spin Co(III) species.
4.2.4 TETRANUCLEAR COBALT(II) THIOLATE COMPLEXES





X = 378 nm
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F igure  4 -15 . M CD m agnetization d a ta  for [Et4 N ]2 [C o3 S(S2 -o-xyl)3] 
• MeCN in DMF/DMA (3:1) (0.75 mM). Temperatures:
1.76 ( x ), 4.22 ( • ) ,  and 11(A ). Magnetic fields between 0 and
4.5 T. Wavelengths as indicated. Solid lines indicate theoretical 
magnetization curves with g || =1.95 and gj_ = 1.95.
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X/nm
F igu re  4 -1 6 . Effects of oxygen on room  tem perature  UV-visible
absorp tion  spec tra  o f [E t^ N ^ IC o jS tS j-o -x y l^ h M e C N  
in DMF/DMA (3:1) (1.1 mM). Absorption spectra monitored 
with the time elapsed from oxygen exposure. ( — ) 0 ; ( — ) 1 ; and 
( -  • - )  2 0  minutes.
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No EPR signals were observed for [Co4 (SEt)10]2' at 11 K and powers up to 50 
mW over the range 0 - 500 mT. This is consistent with magnetic coupling between 
high spin Co(II) ions leading to a ground state with S = 0 or integer spin.
The room temperature UV-visible absoiption spectrum of [Co4 (SEt) 10]2' (Fig. 
4-8) in CH3CN is in agreement with previous studies (38). While the absorption 
spectra of the complex are consistent with retention of tetrahedral coordination for 
Co(H) in solution, it does not identify the structure of the solute species. The 
NMR spectrum (spectrum B, Fig. 4-9) is in agreement with previous studies 
(spectrum C, Fig. 4-3) (38). The downfield shifted resonances at -117 and - 105 
ppm are assigned to the CH2  protons of bridging and terminal SEt" groups.
The room temperature UV-visible spectra (Figs. 4-17,4-18) for [Co4 (SEt)10]2' 
in DMF/DMA (3:1) show ligand to metal charge transfer ( < 500 nm) and ligand 
field regions typical of a tetrahedral Co(II)(SR4) chromophore. The 4A2—> 4T2 (P) 
d-d transition gives rise to three bands at 739, 685, and 610 nm with extinction 
coefficients of 338, 293, and 238 M ' 1 cm"1 per cobalt atom. Absorption bands at 
385 and 340 nm with extinction coefficients of 2084 and 2662 M ' 1 cm' 1 per cobalt 
atom, respectively are assigned to the S —> Co charge transfer transition. 
Absorption studies in DMF/DMA are in good agreement with the reported spectra in 
CH3CN (38). Extinction coefficients (Table 4-6) differ by between 13 and 23%
t
from those in CH3CN.
The low temperature MCD spectra at 4.2, 11.5, 17.5, 24, 30, 40, 65, 82, and 
95 K and 4.5 T (Fig. 4-17) exhibit two negative bands at 716 and 660 (shoulder) 














<  “ IS 
-20
-25
500 400 500 600 700 BOO
X/nm
F igure  4 -1 7 . Room tem perature  UV-visible absorption and  low 
tem peratu re  M CD spectra of [E t4N ]2 [Co4 (SEt)jQl 
in DMF/DMA (3:1) (2.4 mM). Conditions: magnetic field,
4.5 T; pathlength, 0.1661 cm; temperatures, 4.2,11.5,17.5, 24, 30, 
40,65, 82, and 95 K. Middle panel, intensity of the transition at 
660 nm increases with increasing temperature. Bottom panel, 

















2.0 f -  
1.5 Q






300 400 500 600 700 800
X/nm
F igu re  4 -1 8 . Room tem peratu re  UV-visible absorption and low
tem peratu re  M CD spectra of [E t4 N ]2 [Co4 (SEt)jQ] in 
DMF/DMA (3:1) (0.56 mM). Conditions: magnetic field, 4.5 T; 
pathlength, 0.1623 cm; temperature, 4.22 K.
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TABLE 4 -6
EXTINCTION COEFFICIENTS OF [Et4N]2 [Co4(SEt)10] IN DMF/DMA
SAMPLE 739 nm
E M ' 1
685 nm
cm **
6JQm 3.85-jnm 340 nm
1 333 287 229 1979
2 305 262 207 --------
3 291 253 213 1875 2344
4 350 303 241 2085
5 330 284 248 2145 2636
6 382 338 261
7 376 327 268 2337 3007
Mean 338 293 238 2084 2662
S.D. 34 31 23 175 332
% relative S.D. 7 7 6 6 8
CH3CNa 434 380 299 2403 3178
%relative deviation 22 23 20 13 16
a Reference 38
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positive band below 500 nm. The MCD spectrum of [Co4 (SEt)10]2‘ at a lower 
concentration was also recorded at 4.2 K and 4.5 T to facilitate the observation of 
bands below 420 nm (Fig. 4-18). The spectra show a positive band at 398 nm and 
at least one negative band at higher energy. Assignment of the MCD bands to d-d 
and charge transfer is analogous to that discussed above for the absorption 
spectrum.
The MCD spectra in Fig. 4-17 show an interesting temperature dependence. 
The MCD spectrum is almost invariant as a function of temperature below 4.2 K 
(data recorded at 1.6 K are not shown for clarity). At higher temperatures marked 
changes occur. The negative shoulder at 660 nm starts to increase at ca. 11 K and 
continues to increase to around 40 K. As the temperature is increased further the 
band begins to decrease. The absence of any temperature dependence below 11 K 
indicates the presence of a diamagnetic electronic ground state. These changes with 
increasing temperature show the presence of a paramagnetic excited state that 
becomes significantly populated at temperatures near 11 K. The presence of a series 
of low lying states is to be expected due to antiferromagnetic coupling between the 
four (S = 3/2) Co(II) ions. The data described here show that the ground state of 
[Co4 (SEt)10]2* is S = 0 and that, a ladder of paramagnetic integer spin states is 
expected at higher energies, with the energy separation determined by the magnitude 
of the exchange coupling parameter J. By fitting the MCD intensity at 660 nm to an 
expression (Eqns. 2-9,2-10) that takes into account the Boltzmann population of the 
S = 0 and S = 1 states, the energy separation between these states was found to be 
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F igu re  4 -1 9 . M CD tem p era tu re  dependence of [E tjN ^E C o ^S E O jQ ]
in DMF /DMA (3:1)(2.4 mM) a t 660 nm.Conditions: magnetic 
field 4.5 T; temperatures, 1.83, 4.22,11.5, 17.5, 24, 30, 40, 50,
65,82, and 95 K. Circles represent the experimental data, the solid 
line represents the computer generated "best-fit" using equation 2 -9. 
Best fit parameters: C j = 1545; E = 6 6  cm '1.
dependence of MCD of [Et4 N]2 [Co4 (SEt)10] at 660 nm are shown in Fig. 4-19.The 
magnetization data at 716 nm (Fig. 4-20) taken at 1.6 and 4.2 K further support the 
presence of a diamagnetic ground state. The data at both temperatures are linearly 
dependent on magnetic field as expected for a diamagnetic ground state.
The room temperature absorption spectra of [Co4 (SEt)10]2‘ on air oxidation 
show changes similar to those of other cobalt(II)-thiolate complexes. The bands in 
the ligand field region (600 - 800 nm) are lost, a band emerges at 475 nm, and the 
band at 340 nm shifts to higher energy, consistent with oxidation of Co(II) to 
Co(m).
4.2.4.2 [Me4N]2 [Co4 (SPh)10]
The form  o f the room  tem perature U V -visible spectrum  of 
[Me4 N]2 [Co4 (SPh)10] in CH3CN is similar to that reported by Dance et al (30). 
However, dissolution of [Co4 (SPh)10]2'  in DMF or DMA resulted in spectra of 
varying form depending on the concentration. Concentrated solutions in DMF or 
DMA show spectra similar in form to those reported by Nakata et al. in DMF (36) 
while dilute solutions gave spectra whose color and form resemble [Co(SPh)4]2'. 
This brought to attention the discrepancy between the published spectra for 
[Co4 (SPh)10]2'  in CH3CN (30), in DMF (36) (see Table 4-1). The absorption
f
maxima in DMF and CH3 CN are similar, but the extinction coefficients are 
markedly different. Dance et al.. (30) observed that the thiolate bridges in 
[Co4 (SPh)10]2'  are disrupted by coordinating solvents, pyridine and Me2SO but not 
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reported by Nakata et al. in DMF definitely suggests partial breakdown to 
[Co(SPh)4]2'. Therefore, it is possible that dissolution of the tetranuclear complex 
in DMF or DMA to yield the dilute solutions needed for low temperature MCD 
spectroscopy result in the disruption of bridging thiolate ligands. Dissolution of the 
tetranuclear complex in CH3CN gave the dark brown solution in which the form of 
the absorption spectra were similar to those of Dance et al. However, CH3CN does 
not give an optical quality glass on freezing which is needed for low temperature 
MCD. Low temperature MCD of polystyrene films of [Co4 (SPh)10]2- in CH3CN 
were not successful. Therefore, MCD studies of [Co4 (SPh)10]2‘ were not pursued 
further.
4.3 DISCUSSION
The purpose of this study was to elucidate the electronic and magnetic properties 
of model cobalt thiolate complexes to better understand Co(II)-substituted 
metallothioneins of varying composition (maximum 7 cobalt atoms per molecule). 
The results are of fundamental importance both to the development of low 
temperature MCD spectroscopy for elucidating electronic ground state information 
from paramagnetic chromophores, and to the characterization of the electronic and 
magnetic properties of cobalt thiolate complexes.
The low temperature MCD and EPR spectra of [Co3 S(S2-o-xyl)3]2'  furnish 
unequivocal evidence that the three cobalt atoms in the complex are magnetically 
coupled to yield a paramagnetic chromophore with an S = 1/2 ground state. The 
results are in accord with magnetic susceptibilty studies in which the effective
moment per cobalt is much lower than the spin-only magnetic moment (37) and 
provide a more detailed picture of the nature of the ground state.
The three bands that arise from the 4 A2  —> 4T2 (P) d-d transition of cobalt in a 
tetrahedral environment are obscured in the absorption and MCD spectra of 
[Co3S(S2 -o-xyl)3]2',  by several intense ligand to metal charge transfer bands 
originating from the triply capping inorganic sulfur. Since the available data 
suggests the Co(II) ions in metallothionein are coordinated exclusively by cysteine 
ligands, this complex is not a good spectroscopic analog for the proposed trinuclear 
center in fully loaded Co(II)-substituted metallothionein.
Although not a appropriate model for metallothionein, the study of 
[Co3S(S2 -o-xyl)3]2" was important in the development of low temperature MCD as 
a means of establishing electronic and magnetic properties of cobalt(II)-thiolates. 
Moreover, it demonstrates the type of magnetization data that would be expected for 
a cluster with an isolated S = 1/2 ground state.
The room temperature UV-visible absorption spectra of synthetic mono-, bi-, 
and tetranuclear cobalt thiolate complexes reveal three bands in the 600 - 800 nm 
region. Those features are typical of tetrahedral Co(H) coordination (44, 45, 46, 
49). The resolved d-d pattern is assigned to the spin allowed and 
symmmetry-forbidden [4A2  —> (P)] transition, v3. Splitting of the allowed
transition into the three components arises from the distortion from tetrahedral 
symmetry due to removal of the degeneracy of the upper state 4Tj(P) by spin-orbit 
coupling and dynamic Jahn-Teller effects. These features resembled those reported 
for Co(II)-substituted metallothioneins from equine kidney (50), rabbit liver
(51,52), a  fragment of rabbit liver (53), Neurospora crassa yeast (55), and 
Pseudomonas oleovorans CoQD-rubredoxin (56). Essentially the same features are 
also displayed by the spectra of incompletely occupied forms of rabbit liver 
Co(II)-metallothionein arising on the stepwise titration of apoMT from Co(II) salts.
Significant differences between [Co(SEt)4]2' ,  [Co2 (S E t)6]2',  and 
[Co4 (SEt)10]2‘ are observed in the UV-visible spectrum. The binuclear and 
tetranuclear complexes show better separation of the bands belonging to 4 A2  —> 
4 T1(P) transition than the mononuclear complex. An increased splitting of the 4 A2 
— >  4T j ( P )  envelope in [Co4 (SPh)10]2'  and [Co4 (SPh)8Cl2]2'  was reported by 
Dance, et al. (30). A change similar to that between mononuclear and tetranuclear 
complexes was observed between rabbit liver Co(II)-metallothionein with low 
Co(H) content (< 4 equivalents Co(EI)) and high Co(13) content ( > 4 equivalents 
Co(II)) (52). The increased splitting of 4A2  —> 4T j ( P )  envelope is attributed to 
d-d transitions from Co(II) coordinated to bridging thiolates.
A progressive blue shift of high energy d-d bands from 630 nm for 
[Co(SEt)4]2', and 620 nm for [Co2 (SEt)6]2‘, to 610 nm for [Co4 (SEt)10]2' was 
observed. A similar shift can be seen in the work with Co(II) benzenethiolate 
complexes by Dance et al (30). Studies of partially and fully metal saturated rabbit 
liver metallothionein show a shift from 600 nm to 590 nm on saturation (52). Thus 
it can be concluded the formation of thiolate bridged complexe results in shifting the 
d-d absorption band to higher energy.
A similar conclusion can be arrived at by inspection o f the low temperature 
MCD data in this region. The MCD spectra of mononuclear Co(II) thiolate
complexes exhibit two well separated negative bands in 640 -800 nm region, (with 
[Co(S2 -o-xyl)2]2'  showing the largest separation), and a smaller positive band at ~ 
620 nm. On the other hand, the tetranuclear complex, [Co4 (SEt)10]2’ exhibits a 
strong negative band at 716 nm with a pronounced shoulder near 660 nm. The most 
obvious difference in the band positions in the MCD spectra of [Co4 (SEt)10]2' and 
[CotSEtX^]2'  is the shift of the tetranuclear complex to lower energy by ~ 1 0  nm for 
the band at approximately 700 nm and to a higher energy by ~ 10 nm for the band at 
approxiamtely 670 nm. Room temperature MCD of fully saturated rabbit liver 
Co(II)-metallothionein which contains a four metal cluster is similar to that of the 
tetranuclear complex.
A small positive band at 610-620 nm was observed for mononuclear complexes 
studied. Nakata et al. (36) proposed that the band at ~ 620 nm to be a definitive 
difference between mononuclear and polynuclear complexes, and to be diagnostic 
of a mononuclear complex. These results provide evidence that the band at ~ 620 
nm arises exclusively from cobalt thiolates with terminal sulfur ligands.
A broad intense absorption between 500 and 600 nm was observed for 
[Co2(SEt)6]2" and [Co4 (SEt)10]2'  (Fig. 4-8) whereas mononuclear complexes do noi 
have any substantial absorption in this region. Presence of H20  or excess H20  in 
the solvents of mononuclear complexes, [Co(SEt)4]2‘ and [Co(SPh)4]2', affects the 
solvent equilibria between the mono-, bi-, and tetranuclear complexes, and results 
in an increased absorption in the 500 - 600 nm region due to the formation of 
bridging sulfur ligands. Dance observed similar broad absorption for tetranuclear 
Co(H) benzenethiolate complexes (30). The presence of the broad absorption band
trailing between 500 - 600 nm; therefore, appears to be indicative of the coexistence 
of terminal and bridging thiolates.
The absorption spectra below 500 nm arise from S —> Co charge transfer 
transitions. MCD spectra of the complexes show that the envelope contains at least 
four transitions. The room temperature UV-visible absorption spectra of all the 
complexes show a band ca. 350 nm. Cobalt(II)-substituted metallothioneins (50, 
51, 52, 53, 54) and Co(II)-substiuted rubredoxin (56) also show a band at ~ 350 
nm. Therefore, the band at ~ 350 nm is considered to be diagnostic of thiolate to 
Co(II) charge transfer (53). Some significant spectral changes in the UV-visible 
spectra occur between [Co(SEt)4]2‘, [Co2 (SEt)6]2‘, and [Co4 (SEt)10]2'  in the 
region below 500 nm. [Co(SEt)4]2'  exhibits shoulders at 345 and 290 nm whereas 
[Co4 (SEt)1&]2'  show a bathochromic shift to 385 and 340 nm, respectively. The 
former complex contains only terminal sulfur ligands, the latter is made up of four 
terminal and six bridging sulfurs. Thus the red shift in the absorption spectrum 
probably reflects the stronger polarization of a bridging thiolate ligand by the two 
adjacent ions which would facilitate the charge tranfer. Studies with Co(II) 
benzenethiolate complexes are in good agreement with those for Co(II) 
ethanethiolate complexes.
Spectra of [Co(SEt)4]2‘ and [Co(SPh)4]2" in which a shift in the solution
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equilibria towards bridging species has been caused by exposure to H20 , show 
absorption maxima at ca. 400 nm. Differences comparable to those observed 
between [Co(SEt)4]2‘ and [Co4 (SEt)10]2‘ have also been observed by Vasak in the 
spectra of partially and fully metal saturated Co(II) rabbit liver metallothionein and a
fragment of rabbit liver metallothionein (52, 53). The red shift in the absorption 
spectra o f Co(II) a  fragment and rabbit liver metallothionein is consistent with 
Co(II) incorporation and is considered to result from increasing involvement of the 
bridging thiolates in metal coordination.
The same conclusion can be drawn from corresponding low temperature MCD 
spectra of mononuclear complexes and [Co4 (SEt)10]2'. Mononuclear complexes 
show a positive MCD band at ca. 375 nm. The MCD band at ca. 375 nm has also 
been observed in the room temperature MCD of Pseudomonas oleovorans 
Co(II)-rubredoxin. The lowest energy thiolate to Co(II) charge transfer MCD band 
of [Co4 (SEt)10]2‘ displays a bathochromic shift of about 30 nm as compared to 
those of mononuclear complexes. Room temperature MCD studies of fully metal 
saturated rabbit liver, a  fragment of rabbit liver Co(II)-substituted metallothioneins, 
and Co(II) complexes of cysteine containing peptides show many similarities with 
the spectrum of [Co4 (SEt)10]2" (36, 50, 51, 52, 53).
Cobalt(II)-thiolate mononuclear complexes, [C o ^ -o -x y l^ ]2', [Co(SEt)4]2‘, 
and [Co(SPh)4]2‘, exhibit rhombic EPR signals with broad resonances with 
g-values ~ 5.9, ~ 3.2, and ~ 2.0 originating from the lower Kramers’ doublet of an 
S = 3/2 ground state with significant zero field splitting. The spectra are typical of 
high spin S = 3/2 Co(II) being broad and very fast relaxing (56 - 67). The EPR 
spectra of fully loaded metal saturated rabbit liver, a  fragment of rabbit liver, and 
Neurospora crassa CoflD-substituted metallothioneins show similar rhombically 
distorted signals. The EPR signals of the mononuclear Co(II) thiolate complexes are 
strongly temperature dependent like those of Co(II)-substituted metallothioneins and
Co(H) carbonic anhydrase sulphonamide complexes. In contrast tetranuclear cobalt 
thiolate clusters were found to be EPR silent
The low temperature MCD results presented here are of particular importance, 
since they show that this technique provides a excellent and definitive method of 
differentiating between transitions originating from mononuclear and tetranuclear 
cobalt thiolate complexes. M ononuclear cobalt thiolate complexes, 
[C o(S 2 -o -xy l)2]2',  [Co(SEt)4]2',  and [Co(SPh)4]2',  exhibit very strong 
temperature dependent MCD spectra indicative of paramagnetic chromophores. The 
results are in accordance with magnetic susceptibility studies for [Co(S2-o-xyl)2]2' 
and [Co(SPh)4]2'  which show effective magnetic moments indicative of high spin 
S = 3/2 Co(II) in tetrahedral symmetry. In addition, MCD magnetization data of 
[Co(S2 -o-xyl)2]2'  indicate that the observed transitions arise from an S = 3/2 
ground state. The analysis of the MCD magnetization data for this complex is one of 
the first attempted for a ground state with S > 1/2. The agreement between the 
theoretical and experimental data attests the validity of the theoretical analysis.
In complete contrast with the data for monomeric cobalt thiolate complexes, 
[Co4 (SEt)2oJ2'  displays only weak bands at low temperatures. Moreover, these 
bands are largely temperature independent. Detailed analysis of the temperature 
dependence reveals an S = 0 ground state with the first paramagnetic excited state 
separated by 6 6  cm '1. This is consistent with antiferromagnetic coupling between the 
four (S = 3/2) Co(II) ions leading to a ladder of integer spin excited states with S = 0 
being lowest. Previous magnetic susceptibility studies of tetranuclear cobalt thiolate 
clusters have been limited to evidence for magnetic coupling between the cobalt ions,
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without giving any detail concerning the nature o f the ground state and the 
magnitude of the coupling(30).
The MCD results for [Co4 (SEt10]2'  are of particular importance with respect to 
the studies of metallothioneins since a similar cluster is believed to be present in the 
fully metal saturated form in addition to a trinuclear cluster. Since the trinuclear 
cluster must be paramagnetic, and therefore display intense temperature dependent 
MCD bands at low temperature (irrespective of the type and magnitude of magnetic 
coupling) the technique promises to provide a method of selectively investigating the 
optical transitions and magnetic properties associated with this novel type of cobalt 
thiolate. Moreover, the technique shows promise for selectively investigating the 
assembly of individual centers.
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5.0 RUBREDOXINS AND COBALT(II)-SUBSTITUTED 
RUBREDOXINS
Intensive research on rubredoxins has resulted in it being best characterized of 
the iron sulfur proteins. There has been much interest focussed on 
cobalt(II)-substituted rubredoxins, chiefly to serve as analogues for cobalt cysteine 
coordination found in cobalt(II)-substituted metallothioneins with one or two cobalts 
per molecule of protein. Studies of the cobalt (Il)-substituted rubredoxins has thus 
far been limited to the rubredoxin from Pseudomonas oleovorans.
5.1 INTRODUCTION
An extensive review of rubredoxins will not be attempted in this work, only 
those ferric rubredoxins and cobalt-substituted rubredoxin pertinent to this work will 
be emphasized.
5.1.1 RUBREDOXINS
Rubredoxins (Rd) are the simplest of all known Fe - S proteins. The active 
center is characterized by the absence of labile sulfur and the presence of 1 Fe or 2 
Fe atom(s). They are present in aerobes as well as anaerobic organisms (1). Despite 
their widespread occurrence their specific function(s) have yet to be determined, 
although they are believed to be involved in electron transport (2,3,4).
X ray structures of oxidized rubredoxins from Clostridium pasteurianum and 
Desulfovibrio vulgaris have been solved to 1.2 and 2.0 A, respectively (5,6). X-ray
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structural and resonance raman studies of C. pasteurianum (7,8,9) and D. gigas 
(10) rubredoxins, as well as EXAFS studies (11, 12), are consistent with the 
presence of an iron atom linked in a distorted tetrahedral arrangement to the sulfur 
atoms of four cysteinyl residues (Fig. 5 - 1).
Rubredoxins from C. pasteurianum and D. gigas are typical of other single 
center rubredoxins with molecular weights in the range of ~ 6000 daltons 
containing a single Fe per protein molecule. Several single center rubredoxins 
including those from Clostridium pasteurianum. Micrococcus aerogenes. 
Peptostreptococcus elsdenii. Micrococcus lactvlvticus. Desulfovibrio vulgaris. 
Desulfovibrio gigas and Desulfovibrio desulfurican have been sequenced. They 
are all characterized by the presence of four cysteine residues and a preponderance of 
acidic residues (13). Cysteines 6 , 9, 39, and 42 which bind the iron atom to the 
protein are highly conserved.
The two center rubredoxin of P. oleovorans (M,. 19000) contains two 
equivalent sites, with one iron atom per site which is linked in a distorted tetrahedral 
arrangement to sulfur atoms of four cysteinyl residues (Fig. 5 -1 )  (4). These 
proteins have a large degree of homology with the monomeric rubredoxins (Table 5 
- 1).
The dimeric (a 2) two iron protein from Desulfovibrio gigas. described as 
desulforedoxin (Dx), with a molecular weight of 7900 consists of two identical 
subunits with one iron atom and four cysteinyl residues per monomer (Fig. 5 - 1). 
The degree of homology between the amino acid sequence of Dx and rubredoxins 
from D. gigas and C. pasteurianum is small. Only in the N terminal part, two
Cys —S ^
Fig 5-1 p
Cys — S ^
^  S - C y s  
V S - C y s
F igu re  5-1. Schem atic representation  of Fe-SCys4  cen te r.
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TABLE 5 - 1
AMINO ACID SEQUENCE OF RUBREDOXINS AND DESULFOREDOXIN
Source of Protein Residue and Position
1 5 10
(1) C. p. f-met-lys-lys-tyr-thr-cys-thr-val-cys-gly-tyr-ile-tyr
(2) D. g. Dx ala-asn-glu-gly-asp-val-tyr-lys-cys-glu-leu-cys-gly
(3) D, g. met-asp-ile-tyr-val-cys-thr-val-cys-gly-tyr-glu-tyr
(4) P. o. (N) ala-ser-tyr-lys-cys-pro-asp-cys-asn-tyr-val-tyr






















(1) C.p. is Clostridium pasteurianum rubredoxin
(2) D % g. Dx is Desulfovibrio gigas desulforedoxin
(3) D.* g. is Desulfovibrio gigas rubredoxin
(4) P. o •. i s Pseudomonas o leovorans, N-terminal




















c  CYS CYS-GLY->e'.'-GLY-CYS C Y S ------ . N '
-2 . Two possible structures of D. gigas desulforedoxin.
(Figure taken from reference 19).
cysteine residues can be recognized in an arrangement of rubredoxin type - 
Cys (9) - X - X - Cys (12) - Gly - while the other two cysteines are adjacent to 
each other - Cys (28) - Cys (29) - Gly (Table 5 -1). Two structures can 
accommodate the dimer structure of Dx as indicated in Fig. 5-2 (19).
As would be anticipated for tetrahedral coordination, the metal center in all 
rubredoxins and desulforedoxin can adopt either high spin ferrous or ferric states. 
Oxidized and reduced rubredoxins have characteristic and different UV - visible 
absorption spectra. Absorption maxima of bright red, oxidized C. pasteurianum Rd 
occur at 750, 490, 380 and 280 nm with extinction coefficients of 340, 8800, 
10700, and 21100 M ' 1 cm '1, respectively (Table 5 -2) (20,21). In oxidized 
rubredoxin, the d-d transitions are weak since they are spin forbidden. In addition, 
these ligand field transitions are hidden under the more intense sulfur to iron charge 
transfer absorptions (12). The charge transfer transition involves promotion of a 
electron from molecular orbitals localized mainly on the sulfur ligands to molecular 
orbitals composed primarily of iron 3d atomic orbitals. Two Fe —> S charge 
transfer transitions dominate the spectrum from 6 6 6  to 333 nm corresponding to 
% — > %  transitions under tetrahedral parentage. Axial distortions in the 
excited states split both transitions. Analysis of the optical spectra of polarized 
single crystal and MCD studies has facilitated the assignment of absorptions at 380 
and 490 nm to 6Aj —> 6E transitions. Absorptions at 347 and 545 nm have been 
assigned to 6A j—> 6B2, consistent with an effective D2d symmetry for the excited 
state (1 2 ,2 2 ).
UV - visible spectra of rubredoxins from D. gigas (23) and P. oleovorans (4,
TABLE 5 - 2

























24) show absorption bands similar to those from C. pasteurianum Rd (Table 5 - 2), 
with the latter exhibiting bands of approximately double the intensity, consistent 
with the presence o f two rubredoxin centers. The absorption spectrum of 
desulforedoxin is sufficiently similar to that of rubredoxins to suggest that they have 
similar coordination number and type of iron atom. However, there are distinct 
differences. Dx presents only a broad band at 507 nm while the two bands at 370 
and 355 nm of D. gigas Rd appear as only one band centered at 370 nm in D. gigas 
Dx. This is indicative of both the Fe centers in Dx having higher symmetry than in
D. gigas and C. pasteurianum rubredoxins (25).
Room temperature magnetic susceptibility studies of ferric rubredoxins from 
pasteurianum (26), and D. gigas (251 and D. gigas Dx (25) show effective 
moments of 5.85, 5.73, and 4.79 B.M., respectively. These results are in 
agreement with spin only values of 5.92 B.M. expected for high spin ferric (S = 
5/2) ions. The effective moment of ferric D. gigas Dx is significantly smaller than 
those o f single center rubredoxins suggesting possible spin-spin interactions 
between the centers.
Peisach et al (29) concluded from a detailed analysis of the EPR spectra of 
oxidized Rd from P. oleovorans that the fenic ion is in the high spin state with an 
environment that imposes an almost complete rhombic crystal field on the ground 
state. As a result of zero field splitting, the S = 5/2 ground state is split into three 
almost equally spaced Kramers' doublets. A splitting diagram along with the 
predicted effective g values for an S = 5/2 ground state with a completely rhombic
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crystal field is shown in Figure 5-3. The EPR spectra of rubredoxins from JL. 
elsdenii (281. D. gigas (19.251. and C. pasteurianum (41 are very similar to those 
of P. oleovorans. EPR and Mossbauer spectra of ferric D. gigas Dx are indicative 
of two identical high spin ferric ions with zero-field splitting of the S = 5/2 ground 
state. Analysis of the EPR spectra is consistent with lower rhombicity compared to 
rubredoxins.
MCD spectra of ferric C. pasteurianum Rd (12,22, 32,33,34), D. gigas Rd 
(31), and D. gigas Dx (31) have been published. Spectra in the region of 330 to 
650 nm are attributed to two allowed S —> Fe(ID) charge transfer transitions at 650 
- 425 nm and 425 - 330 nm. These transitions are assigned to 6 A j—> 6 T2 
transition under tetrahedral parentage with the transitions being split by axial 
distortion of the excited states into 6A j—> 6B2anci 6Aj —> 6E. A detailed 
analysis of low temperature MCD spectra of Rd from C. pasteurianum concluded 
that the MCD maxima at 344 and 555 nm maybe attributed to 6Aj —> 6B2 
transitions since they are predominantly z polarized, while the maxima at 370,400,
466, and 501 nm maybe assigned to components of the 6Aj —> 6E transitions 
which are xy polarized (33,34). The low temperature MCD spectra of oxidized 
rubredoxins from D. gigas and C. pasteurianum are identical.
Low temperature MCD spectra of ferric D. gigas Rd and Dx show show an overall 
similarity between the two sets of spectra (Fig. 5-4). However, the spectra of D. gigas 
Dx differs from D. gigas Rd in that the peaks at 565nm and the crossing point at 487 nm 
are less well separated in D. gigas Dx. MCD spectra are in agreement with Mossbauer
Figure 5 -3 . Z ero  field  sp littin g  og an 
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F igu re  5 -4 . Low tem p era tu re  M CD spec tra  of oxidized D. gigas R d (a) and 
oxidized D. gigas d esu lfo reso x in  (b). Measured in 0.1 M Tris 
buffer at pH 7.6 saturated with sucrose. Magnetic field, 5 Tesla; (Figure 
taken from reference 19).
atoms of D. gigas Rd and Dx, with differences in the low symmetry distortions.
5.1.2 COBALT (II) - SUBSTITUTED RUBREDOXIN
The UV - visible spectrum of Co(II) - substituted P. oleovorans rubredoxin 
exhibit absorption maxima at 350, 470, 620, 685 (splittings), and 748 nm with 
molar extinction coefficients of 9405, 3010, 1128, 1232 and 1034 M_1 cm -1, 
respectively (35). In tetrahedral symmetry Co(II) has three spin allowed ligand field 
transitions, of which 4A2  —> 4 Tj(P) (v3) occurs in the visible region. The bands 
are usually separated into several components by the combination of spin - orbit 
coupling and low symmetry crystal fields. The UV-visible spectrum of 
Co(II)-subustituted P. oleovorans Rd showed resolution of v3 into three 
components at 748, 685, and 620nm while bands below 500nm, at 470 and 350 
nm, arise from S —> Co(II) charge transfer transition.
The positions and intensities of these bands indicate a distorted tetrahedral high spin 
Co(II) core.
The intense band at 350 nm is in excellent accord with those observed in Co(II) 
yeast alcohol dehydrogenase, Co(II) liver alcohol dehydrogenase, and synthetic 
Co(II)-thiolate complexes, [Co(S2-o-xyl) 2]"2  and [Co(SEt)4]'2. The calculated 
extinction coefficients for the above examples were in the range of 900 -1300 /  Co - 
S-Cys bond. The extinction coefficient for Co(II)-substituted P. oleovorans Rd at 
350 nm demonstrates that a total of eight Cys-S groups were involved in the 
coordination of the two cobalt atoms. Thus, the spectral properties of 
Co(II)-substituted P. oleovorans Rd are consistent with the presence of two cobalt 
atoms in a rubredoxin-type binding site. Room temperature MCD of
Co(II)-substituted P. oleovorans (Fig. 5-5) showed a negative band at 350 nm and a 
positive band at 375 nm (35) which is consistent with Co(II) ion in a distorted 
tetrahedral environment
This work involved the characterization of the electronic and magnetic properties 
of cobalt(II)-substituted rubredoxins from D. gigas and C. pasteurianum. and D. 
gigas Dx using low temperature MCD spectroscopy combined with EPR and 
UV-visible absorption studies. In each, cobalt(II) ion has an approximately 
tetrahedral environment of cysteinyl sulfurs, and thus constitutes possible biological 
models for cobalt(II)-substituted metallothioneins with one or two cobalt atom(s).
The samples of Co(II)-substituted D. gigas Dx used in this work were found 
to be impure with the native iron protein. As a result, a detailed low temperature 
study of native D. gigas Dx was undertaken to facilitate interpretation of the spectra 
obtained for the Co-substituted protein. The MCD of D. gigas Rd and Dx in both 
oxidation states have been previously published at temperatures down to 16 K, but 
no magnetization data has been reported. Thus, a study was initiated to investigate 
the MCD magnetization behavior of D. gigas Rd and Dx. Moreover, oxidized D. 
g igas Rd provided an excellent example for assessing the influence of the 
polarization of the electronic transitions on the MCD magnetization plots for ground 
state doublets with large g-value anisotropy and establishing MCD magnetization 
data as a viable method for estimating the polarization of electronic transitions for 
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Figure 5 -5 . Room temperature MCD spectrum of P. oleovorans Co(II)-Rd.
The sample concentration was 8.3 x 10-5  M Tris-HCl at pH 7.3 with a 
maximum absorption of 0.78 at 350 nm in a pathlength of 1 cm.




5.2.1.1 Desulfovibrio gigas Rubredoxin
Room temperature UV-visible absorption and low temperature MCD (1.63 to 
30 K) spectra for oxidized Rd are shown in Fig. 5-6. The MCD spectra are very 
similar to those previously reported at higher temperatures (31). The spectra are 
identical to those reported previously for C. pasteurianum Rd (33,34) and may be 
assigned in the same way.
In an attempt to ascertain the nature of the electronic ground state, MCD 
magnetization data were recorded at 556, 503, 467, and 400 nm (Fig. 5-7). 
Inspection of Fig. 5-7 shows that the MCD magnetization data at all wavelengths 
show pronounced nesting indicative of the presence of low lying excited states that 
become populated at temperatures as low as 4.2 K, consistent with a ground state 
spin S > 1/2. Attempts to fit magnetization curves to theoretical plots were limited to 
the lowest lying data, 1.63 K, since only the lowest doublet will be significantly 
populated at this temperature. Magnetization data show that at 400,467, and 503 nm 
the transitions can be assigned exclusively to an S = 5/2 center since the 
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F igure  5 -6 . Room tem peratu re  UV-visible absorption and  low tem peratu re  
MCD spectra of oxidized D. gigas rubredoxin. Conditions for 
UV-visible absorption spectrum: Protein (1.5 x 10*5 M) in 50mM 
Tris-HCl, pH 7.4. Conditions for MCD spectra: Protein (1.5 x 10'5 M) in 
50mM Tris-HCl pH 7.4; with 50% (v/v) ethylene glycol; magnetic field, 
4.5 T; pathlength, 0.1745 cm; temperature, 1.63 K, 4.22 K, 8.1 K, and 30 



































Figure 5 -7 . MCD magnetization data for oxidized D. gigas Rd.
Sample was as per figure 4 -5. Temperatures: 1.63 K ( x ), 4.22 K (• ),
8.1 K ( A ); wavelengths as indicated; magnetic fields between 0 and 4.5 T. 
Solid lines indicate theoretical magnetization curves with g.. = 9.4, 
g I =1.07 and polarization ratios of mz/m+ = - 0.2 at 400 nm, mz/m+ =
- 0.2 at 467 nm, mz/m+ = 0 at 503 nm and mz/m+ = - 500 at 556 nm. 162
g-values, i.e., g(| = 9.4 and g ^ =  1.07*, for the lowest doublet. As D .gigas Rd 
contains only a single chromophore, magnetization data indicate that the transitions 
at 400,467, and 503 nm are predominantly xy - polarized while the transiton at 556 
nm is predominantly z - polarized.
5.2.1.2 Desulfovibrio gigas Desulforedoxin
Room temperature UV-visible absorption and low temperature MCD (1.59 to 
29 K) spectra of oxidized D. gigas Dx are shown in Fig. 5-8. In accord with 
previous studies (31), both the absorption and MCD data are quite distinct from 
those of Rd. The overall number and pattern of bands indicates a iron coordination 
environment similar to that found in Rd, the decreased separation between the 6Aj 
—> 6E and 6Aj —> 6B2  transitions suggests less axial distortion in the excited 
state.
MCD magnetization data were collected at 543, 453, 408, and 366 nm at 
temperatures between 1.59 and 29 K (Fig. 5-9). The presence of low lying 
zero-field components that become thermally populated with increasing temperature 
is indicated by the "nesting" of the magnetization data which is apparent at all 
wavelengths investigated. Nested magnetization curves are indicative of a 
paramagnetic Fe - S center which has a ground state spin, S > 1/2. Magnetization 
plots at the lowest temperature, 1.59 K, can be satisfactorily simulated with 
theoretical curves for the lowest doublet of S = 5/2 center with g y =1.8 and gj_ = 
6.16* which correspond to g-values for the lowest doublet. Since discrete 6Aj —>
1 The principal g values quoted for D. gigas Rd and Dx EPR spectra correspond g 
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F igu re  5 -8 . Room tem peratu re  UV-visible absorption and  low tem perature  
MCD spectra  of oxidized D. gigas d esulforedoxin. Conditions for 
UV-visible absorption spectrum: Protein (4.7 x 10'5M) in 50mM Tris-HCl, 
pH 7.4. Conditions for MCD: Protein (4.7 x 10“5M) in 50mM Tris-HCl, 
pH 7.4; with 50% (v/v) ethylene glycol; magnetic field, 4.5 T; pathlength, 
0.1631 cm; temperatures, 1.59, 4.22, 8.1, and 29 K (intensity of 
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Figure 5 -9 . MCD magnetization plots for oxidized D. gigas desu lforedoxin .
Temperatures: 1.59 K ( x ); 4.22 K (•); 8.1 K ( A ). Wavelengths as indicated; 
magnetic fields between 0 and 4.5 T. Solid lines represents theroretical 
magnetization curves with g|i = 1 .8  and g^ =6.16 and polarization ratios of 
m_/m. = - 0.1 at 366 nm, m jm .  = - 0.2 at 408 nm, m7/m. = - 0.2 at 453 nm 
and m j m = - 0.05 at 543 nm. 165
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6B2  and %  —> 6E transitions are not resolvable, the magnetization data does not 
display the marked wavelength dependence that is observed for the D. gigas Rd.
5.2.2 COBALT(H) - SUBSTITUTED RUBREDOXINS
5.2.2.1 Cobalt (II) - Substituted Clostridium pasteurianum Rubredoxins
In common with other high spin S = 3/2 Co(II) complexes, the EPR signal 
shown in Fig. 5-10 is fast relaxing and is best observed at 4 K. EPR spectra of 
Co(II)-substituted C. pasteurianum Rd show a broad rhombic signal with g-values 
6.08, 3.34, and 2.022  that arise from the lowest zero-field doublet of the S = 3/2 
ground state. The signal corresponds to a very fast relaxing species and is not 
saturated at 10 mW at 5 K.
Like synthetic Co(II)-thiolate complexes, the room temperature UV-visible 
absorption spectrum of Co(II)-substituted C. pasteurianum Rd in 0.5 M Tris with 
0.06 M mercaptoethanol (Fig. 5-11) shows bands at 738, 685, and 620 nm 
(shoulder) that are assigned to the 4 A2  —> 4 Tj(P) d-d transition and intense bands 
between 300 and 500 nm that are attributed to S —> Co charge transfer transition.
The low temperature MCD spectra for this sample at 1.64,4.22, 8.3, and 15 K 
and 4.5 T are indicative of a paramagnetic chromophore, since the intensity of the 
transitions increases with decreasing temperature (Fig. 5-11). The two well 
separated negative bands at 724 and 682 nm, negative shoulder at 660 nm , and a 
smaller positive band at 618 nm are attributed to components of 4 A2  —> ^ ( P )  
transition. Cobalt to sulfur charge transfer transition gives rise to two bands below
167
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Figure 5-10. EPR spectrum of Cobalt(II)-substituted C. pasteurianum R d.
Protein (2.4 x 10 "4  M) in 0.5 M Tris-HCl with 0.06 M mercaptoethanol. 
Conditions: microwave power, lOmW; gain , 4 x 104; temperature, 5 K; 
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X/nm
F igure  5 -1 1 . R oom  te m p e r a tu r e  U V -v is ib le  a b s o r p t io n  a n d  low  
te m p e r a tu r e  M CD s p e c tra  o f  C o (I I ) - s u b s ti tu te d  C . 
n a s te u r ia n u m  Rd. Conditions for UV-visible absorption spectrum: 
Protein (3.3 x 10"4  M) in 0.5 M Tris with 0.06 M mercaptoethanol. 
Conditions for MCD: Protein (3.3 x 10*4  M) in 0.5 M Tris with 0.06 M 
mercaptoethanol; with 50% (v/v) ethylene glycol; magnetic field, 4.5 T; 
pathlength, 0.1717 cm; temperatures, 1.64, 4.22, 8.3, and 15 K (intensity 
of transitions increasing with decreasing temperature).
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500 nm, at 366 > and 343 nm. The low temperature MCD spectra of 
Co(II)-substituted C. pasteurianum resemble that of Co(II)-substituted JL. 
oleovorans Rd recorded at room temperature in the 400-300 nm region. MCD 
magnetization data are consistent with the observed transitions arising from an S =
3/2 ground state. Magnetization plots at 733 and 683 nm are shown in Fig. 5-12.
The data at the lowest temperature are well fit by theoretical curves based on the 
EPR-determined g-values, i.e., g|| = 6.03 and gj_ = 2.782, for the lowest zero 
field doublet. The absence of any significant nesting of the data at higher 
temperatures indicates that the upper zero field doublet is not populated at 8.3 K.
To ensure that none o f the results obtained were caused by cobalt 
mercaptoethanol present in the sample, reduced and oxidized cobalt mercaptoethanol 
samples at the same concentrations used in CoflD-substituted C. pasteurianum Rd 
preparations, were investigated. The room temperature UV-visible absorption 
spectrum of reduced cobalt mercaptoethanol sample (Fig. 5-13) resembles those of 
mononuclear cobalt thiolate complexes with maxima at 724,675,620,412, and 296 
nm. Low temperature MCD spectrum of this sample shows two well separated 
negative bands at 690 and 661 nm, and a smaller positive one at 610 nm assigned to 
4A2  —> 4 Tj(P) d-d transition, while bands between 300 and 500 nm are attributed 
to S —> Co charge transfer transition.
2  The principal g values quoted for all Co(II) EPR spectra correspond to 
maximum, crossover, and minima of the spectra. In fitting magnetization data, the 
two numerically closest g values are averaged to give g|| .
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Air oxidation of the cobalt mercaptoethanol sample resulted in loss of 
absorption in 600 - 800nm region, emergence of a band at 475 nm, and a strong 
absorption below 420 nm in room temperature UV-visible spectrum (Fig. 5-13) 
consistent with oxidation to Co(III). Low temperature MCD spectra of air oxidized 
cobalt mercaptoethanol were also recorded (not shown). The spectra were weak and 
temperature independent, indicating oxidation to diamagnetic, low spin Co(IH) upon 
exposure to oxygen.
A noticeable color change from green to yellow-green occurred during the 
preparation of MCD samples of Co(II)-substituted C. pasteurianum Rd in 0.5 M 
Tris with 0.06 M mercaptoethanol. Therefore, to ensure that none of the results 
obtained were caused by involuntary air damage during handling of the samples, 
oxidized samples were investigated. Exposure of Co(II)-substituted Rd to oxygen 
resulted in a loss of absorption in the 600-800 nm region, the emergence of a band at 
475 nm, and strong absorption below 440 nm in the room temperature UV-visible 
absorption spectrum (Fig.5-14). The resulting spectrum is identical to the spectrum 
observed for cobalt mercaptoethanol samples exposed to air (Fig. 5-13). The low 
temperature MCD spectra o f the corresponding sample were also recorded (not 
shown). The spectra were strong and temperature dependent consistent with the 
Co(II)-thiolate center of Co(II)-substituted Rd. The results indicate that 
Co(II)-substituted C. pasteurianum Rd is not oxidized to Co(III) upon exposure to 
air whereas the cobalt mercaptoethanol present in the sample is easily oxidized. This 
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F igu re  5 -1 2 . M CD m agnetization d a ta  for C o(II)-substitu ted  C.
pasteurianum  Rd. Temperatures: 1.64 K ( x ); 4.22 K ( • ) ;  
wavelengths as indicated; magnetic fields between 0 amd 4.5 
T. Solid lines indicate theoretical magnetization curves with 
g ,| = 6.03 and g i  = 2.78 and polarization ratios of mz/m+ = 
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Figure 5 -1 3 . R oom  tem p era tu re  U V -v is ib le  a b so rp tio n  and low  
tem perature MCD spectra o f cobalt mercaptoethanol. ( —  )
Reduced; (........) Oxidized. Conditions for MCD: C o b a lt
mercaptoethanol (9.9 x 10"5 M) in 0.5 M Tris; with 50% (v/v) ethylene 
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F igure  5 -1 4 . Room tem peratu re  UV-visible absorp tion  spectra of C o (II )- ' 
substituted C. pasteurianum  Rd. Protein (2.4 x 10-4  M) in 0.5M 
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F igu re  5 -1 5 . R oom  te m p e r a tu r e  U V -v is ib le  a b s o r p t io n  a n d  low  
te m p e r a tu r e  M CD  s p e c tra  o f  C o ( I I ) - s u b s t i tu te d  Qj_ 
pasteurianum  Rd.Conditions for UV-visible absorption: Protein (3.4 x 
10 "4 M) in 0.5 M Tris. Conditions for MCD: Protein (3.4 x 10 ' 4  M) in 
0.5 M Tris; with 50 %(v/v) glycerol; magnetic field, 4.5 T; pathlength, 
0.1753 cm; temperatures, 1.59, 4.22, 15, 31, and 70 K (intensity of 
transitions increasing with decreasing temperature).
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samples of Co(II)-substituted Rd prepared in the presence of mercaptoethanol.
To overcome any problems arising from the presence of cobalt mercaptoethanol, 
Co(II)-substituted C. pasteurianum was prepared without mercaptoethanol. The 
mercaptoethanol functions as a reducing agent for the sulfhydryl groups and 
prevents the formation of disulfide bridges which would inhibit cobalt incorporation. 
The room temperature UV-visible spectrum (Fig. 5-15) with peaks at 740, 690, 
628,480(shoulder), and 345 nm is similar to that observed for Co(H)-substituted 
Rd with mercaptoethanol. The minor difference i.e. the absence of the pronounced 
shoulder at ~ 480 nm, is believed to result from the absence of any 
Co(U3)-mercaptoethanol complex in the sample. The MCD spectra at 4.5 T and at 
temperatures between 1.59 K and 70 K are shown in Fig. 5-15 and are almost 
identical to those observed for Co(II)-substituted Rd with mercaptoethanol. Clearly, 
there was very little, if any, Co(II)-mercaptoethanol in the samples prepared for 
MCD in the presence of mercaptoethanol. Any that was present became oxidized 
during sample handling, and this species does not contribute any temperature 
dependent MCD bands.
A more complete set o f MCD magnetization data were recorded for the 
Co(II)-substituted Rd in the absence of mercaptoethanol. Magnetization data at 679, 
364, and 341 nm are shown in Fig. 5-16. In agreement with data for the samples 
prepared in the presence of mercaptoethanol, the lowest temperature data are well fit 
by theoretical curves based on EPR-determined g values for the lowest doublet of an 
S = 3/2 ground state (D > 0). Clearly, all transitions arise from a chromophore with
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an S = 3/2 ground state. The observation that data points at temperatures up to 15 K 
lie on a smooth curve indicates that the upper zero field component is not 
significantly populated at this temperature. This implies that the zero field 
components of the S = 3/2 ground state are separated by at least 20 cm"1.
5.2.2.2 Cobalt(II)-Substituted Desulfovibrio gigas Rubredoxin
The room temperature UV-visible absorption spectra of Co(II)-substituted D. 
gigas Rd (Fig. 5-17) is similar to those of Co(II)-substituted C. pasteurianum Rd 
with absorption bands at 746, 690, 665, and 623 nm attributed to 4 A2  —> 4 Tj(P) 
d-d transition. The bands below 500 nm at 473 (shoulder) and 355 nm are assigned 
to S —> Co charge transfer transition.
Low temperature MCD spectra reveal at least seven temperature dependent 
bands in the 300-800 nm region (Fig. 5-17). The MCD of the sample at 1.56,4.22, 
and 11.7 K and 4.5 T show positive transitions at 605 and 366 nm, and negative 
bands at 723, 676, 650, 626, and 343 nm. The form of the MCD spectra is very 
similar to that arising from Co(II)-substituted C. pasteurianum Rd, and analogous 
assignments can be made. MCD magnetization data were recorded at 735, 677,
651,627, and 366 nm. The data at 677 and 366 nm are shown in Fig. 5-18. As for 
Co(II)-substituted C.pasteurianum Rd, the data can be readily rationalized in terms 
of an S = 3/2 ground state with a splitting of at least 20 cm"1 between the zero field 
Kramers' doublets. Since there was insufficient sample available to obtain an EPR 
spectrum, the theoretical curves shown in Fig. 5-18 are constructed for the g-values 
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F igu re  5 -1 6 . M CD  m a g n e t iz a t io n  d a ta  fo r  C o ( I I ) - s u b s t i tu te d  £L_ 
pasteurianum  R d. Temperatures: 1.59 K ( x ); 4.22 K ( • ); 15 K 
( A ); wavelengths as indicated; magnetic fields between 0 and 4.5 T. 
Solid lines indicate theoretical magnetization cureves with ft, = 6.03 
andg^ = 2.78, and polarization ratios of mz/m+ = - 0.2 at o /9  nm, 
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F igu re  5 -1 7 . R o o m  te m p e r a tu r e  U V -v is ib le  a b s o r p t io n  a n d  low  
te m p e ra tu re  M CD sp ec tra  o f C o (II)-substitu ted  D. gigas R d. 
Conditions for UV-visible absorption spectrum: Protein (6.9 x lO'^M) in 
50 mM Tris-HCl, pH 7.4. Conditions for MCD: Protein (6.9 x 10' 5 M) 
in Tris-HCl, pH7.4; with 50% (v/v) ethylene glycol; magnetic field, 4.5 
T; pathlength, 0.1671 cm; temperatures; 1.56, 4.22 and 11.7 K (intensity 
of transitions increasing with decreasing temperature).
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5.2.23 Cobalt(n)-Substituted Desulfovibrio gigas Desulforedoxin
Like cobalt substituted Rds, the room temperature UV-visible spectra of 
Co(TD-substituted D. gigas Dx (Fig. 5-19) shows peaks at 718(shoulder), 696, and 
616(shoulder) assigned to 4A2  —> 4 T1(P) d-d transition, while bands below 500 
nm, 488(shoulder), 340, and 298nm(shoulder) arise from S —> Co charge transfer 
transitions. The spectra of Co(II)-substituted D. gigas Dx are consistent with a 
Co(II) ion in a distorted tetrahedral environment of cysteinyl sulfurs. As with iron 
Rd and Dx, the absorption spectra of Co(II)-substituted Dx are similar to those of 
Co(13)-substituted Rds, but there are noticeable differences. For example, there are 
four distinct absorption bands at 746, 690, 665, and 623 nm in the d-d region of 
Co(II)-substituted D. gigas Rd, while for Co(II)-substituted D. gigas Dx there is a 
major band at 696 nm with shoulders at 718 nm and 616 nm.
The low temperature MCD for CoOPO-substituted D. gigas Dx at 1.96,4.22, and
8.3 K and 4.5 T  (Fig. 5-19) show multiple temperature dependent transitions 
throughout the visible region. The spectra are clearly indicative of the presence of a 
paramagnetic cobalt-sulfur center. The MCD spectra show negative bands at 702, 
670, and 624 nm(shoulder) and a smaller positive band at 585 nm which are 
assigned to the 4 A2 —  ^ ( P )  d-d transition. Sulfur to cobalt charge transfer 
transitions give rise to bands below 500 nm at 368, 338, and 318 nm.
It is noteworthy that some of the bands in the MCD spectra of Co(II)-substiuted 
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Figure 5 -1 8 . MCD magnetization data for Co(U)-substituted D. gigas Rd.
Temperatures: 1.56 K ( x ); 4.22 K (• ) ; and 11.7 K ( A ); wavelengths as 
indicated; magnetic fields between 0 and 4.5 T. Solid lines indicate 
theoretical magnetization curves with g.t = 6.03, gj_ = 2.78, and 
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desulforedoxin. Conditions for UV-visible spectrum: Protein (1.4 x 
10' 5 M) in 50mM Tris-HCl, pH 7.4. Conditions for MCD: Protein (1.4 x 
10' 5 M) in Tris-HCl, pH 7.4; with 50% (v/v) ethylene glycol; magnetic 
field, 4.5 T; pathlength, 0.1687 cm; temperatures, 1.96 K, 4.22 K, and 
8.3 K (intensity of transitions increasing with decreasing temperature).
Fig. 5-20, which compares the low temperature MCD spectra of these samples. 
Clearly, the negative bands at 409 and 454 nm, and the broad positive band at about 
550 nm can be attributed to the native Dx. In order to obtain a better idea of the 
form of the temperature dependent MCD arising from Co(II)-substituted D. gigas 
Dx, the contribution from D. gigas Dx was eliminated by subtracting the MCD 
spectrum of D. gigas Dx from the 4.22 K spectrum. The resultant difference MCD 
spectrum is presented in the bottom panel, Fig. 5-20. Although extensive MCD 
magnetization data was collected for this sample for each of the major MCD bands, 
detailed analysis was not attempted because of the overlapping contibutions from the 
native Dx and the absence of sufficient sample for EPR investigations.
5.3 DISCUSSION
The purpose of this study was to elucidate the electronic and magnetic properties 
of Co(II)-substituted rubredoxins and desulforedoxin to better understand 
Co(II)-substituted metallothioneins with one or two cobalt atom(s). The results are 
of fundamental importance both to the development o f low temperature MCD 
spectroscopy for elucidating the electronic ground state information from 
paramagnetic chromophores and to the characterization of electronic and magnetic 
properties o f cobalt-substituted rubredoxins and desulforedoxin which are 
biological models for Co(II)-substituted metallothioneins.
The low temperature MCD of oxidized D. gigas Rd and D. gigas Dx furnish
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Upper panel. Co(II)-substituted D. gigas Dx (1.4 x 10"5 M) in 50 mM 
Tris-HCl, pH 7.4; with 50% (v/v) ethylene glycol; temperatures, 1.96 K,
4.22 K and 8.3 K. Middle panel. D. gigas Dx (4.7 x 10‘ 5 M) in 50 mM 
Tris-HCl, pH 7.4; with 50% (v/v) ethylene glycol; 4.22 K. Bottom 
panel. Difference spectrum of Co(II)-substituted D. gigas Dx; 4.22 K.
unequivocal evidence that the iron center(s) is a paramagnetic chromophore with S = 
5/2 ground state. The results are in accord with EPR and magnetic susceptibility 
studies and provide a more detailed picture of the nature of the ground state. The 
low temperature MCD data for oxidized D. gigas Rd and D. gigas Dx are consistent 
with low temperature MCD of Johnson et al (31). The visible spectrum in the 
region 330 to 650 nm was assigned to two allowed S —> Fe(III) charge transfer 
transitions which are 6Aj —> ^T2 transitions under tetrahedral parentage. The 
tetrahedral transitions are split by axial distortions of the excited state into 6A j—> 
6B2  and 6 A j—> 6E. Due to symmetry considerations, the former are expected to 
be z - polarized, while the latter are expected to be xy - polarized. Hence, MCD 
maxima of oxidized D. gigas Rd at 556 and 340 nm are assigned to 6A2  —> 6B2 
transitions, while the maxima at 370, 400, 467, and 503 nm are assigned to the 
components of 6 A j—> 6 E 1 transitions. The extent of the axial excited state 
distortion is much less for D. gigas Dx and consequently it was not possible to 
assess the polarization of the transitions by MCD magnetization plots for discrete 
bands. However the D. gigas Rd studies demonstrate that MCD magnetization data 
does provide a method for determining the molecular polarization of electronic 
transitions of a randomly oriented paramagnetic chromophores with large ground 
state g value anisotropy, provided the electronic transitions are well separated.
The room temperature UV-visible absorption spectra of Co(II)-substituted 
rubredoxins and desulforedoxin show bands in the 600 -800 nm region arising from 
the spin allowed 4 A2  —> 4 Tj(P) transition for tetrahedral Co(II) coordination. 
Ligand field theory tells us that the 4T 1(P) state can be split into four sublevels by
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first- and second-order spin-orbit interactions (36). All four of these transitions are 
discernible for both Co(H)-substituted Rds and Dx in either the absorption or low 
temperature MCD spectra or in both. Low temperature MCD proves to be 
particularly effective in resolving these transitions.
It is noteworthy that all monomeric Co(II)-thiolate complexes investigated by 
low temperature MCD thus far, including Co(II)-subsituted Rd and Dx, exhibit a 
weak positive band between 585 and 615 nm. It seems likely that this feature is 
characteristic of mononuclear Co(II) thiolate coordination and as such will be useful 
in interpreting the spectroscopic results for Co(II)-substituted metallothionein.
The absorption spectra below 500 nm arises from S —> Co(II) charge transfer 
transitions. The room temperature UV-visible absorption spectra of 
Co(H)-substituted Rds and Dx show a band at ~ 350 nm. P. oleovorans CofID Rd 
(35), and mononuclear cobalt thiolate complexes also show a band at ~ 350 nm. 
The band at ~ 350 nm therefore is concluded to be diagnostic of thiolate to Co(II) 
charge transfer for mononuclear cobalt thiolate species. The same conclusion can be 
drawn from the corresponding low temperature MCD spectra of Co(II)-substituted 
Rds and Dx. Co(II)-substituted rubredoxins and Dx show a positive MCD band at 
~ 365 nm. This MCD band has also been observed in low temperature MCD of 
mononuclear cobalt thiolate complexes and room temperature MCD of P. oleovorans 
Co(II) Rd. These results, as well as the observation that the MCD band of 
[Co4 (SEt) 10] ‘2  displays a bathochromic shift of ~30 nm as compared to those of 
[Co(SEt)4]"2, establishes the importance of the band at ~ 365 nm in the analysis of 
MCD spectra of Co(II)-substituted metallothioneins.
186
Cobalt- substituted C. pasteurianum Rd exhibits a rhombic signal with broad 
resonances with g values 6.08, 3.34, and 2.022  originating from the lower 
Kramers' doublet of an S = 3/2 ground state with significant zero field splitting. 
The spectra are typical of high spin S = 3/2 Co(II) systems and are broad and very 
fast relaxing. The EPR spectra of mononuclear cobalt thiolate complexes, and of 
fully loaded rabbit liver, a  fragment of rabbit liver, and N. crassa 
Co(II)-substituted metallothioneins show similar resonances.
Low temperature MCD studies have also proven effective in investigating the 
ground state properties of cobalt-substituted Rds and Dx. MCD magnetization data 
indicate that the observed transitions arise from an S = 3/2 ground state and enable 
estimation of the magnitude of the zero field splitting. The analyses of the MCD 
magnetization data for Co(II)-substituted Rds are some of the first that have been 
attempted for a ground state with S > 1/2. The agreement between theoretical and 
experimental data attests to the validity of the theoretical analysis.
The MCD results for Co(II)-substituted Rds and Dx are of particular importance 
with respect to the studies of metallothionein since similar centers are believed to be 
present in Co(II)-MT with one or two cobalt atom(s). These results show that this 
technique provides a method of investigating the optical transitions and magnetic 
properties associated with cobalt thiolate clusters.
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6.0 COBALT(H) - SUBSTITUTED METALLOTHIONEINS
Metallothioneins have been extensively researched due to their proposed 
involvement in metal metabolism, homeostasis, and/or detoxification of heavy metal 
ions. This work will not be an extensive review o f metallothioneins, but 
summarizes information relevant to this study; this will be presented in two 
sections, metallothioneins and cobalt (II) metallothioneins.
Despite the extensive research of metallothioneins (MT), the function, and mode 
of binding and organization of the different metals is still unclear. Due to its 
conspicuous chromophoric and magnetic characterisitics, cobalt (II) serves as a 
reliable and convenient probe of the coordination geometry of the naturally occurring 
zinc metallothioneins. Interest has focussed on cobalt (Il)-substituted 
metallothioneins to explore the structure of the metal binding sites, because of its 
similarity to zinc in its coordination properties. The present work involves 
spectroscopic investigation of Co(II)-substituted metallothioneins with varying metal 
- to - protein ratios and the results are compared with those obtained for inorganic 
cobalt(II) thiolate complexes and cobalt(II)-substituted rubredoxins.
6.1 INTRODUCTION
6.1.1 METALLOTHIONEINS
Metallothionein (MT) was first isolated from equine renal cortex by Margoshes 
and Vallee in 1957 in their search for a tissue constitutent responsible for the 
accumulation of cadmium in animal tissues. Metallothioneins are proteins of highly
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unusual compositional and structural features. Their name is based on their 
extremely high sulfur and metal content (1). As shown in Table 6-1, 
metallothioneins are ubiquitous in nature, existing principally in kidney and liver 
tissues of higher vertebrates, invertebrates, plants, and both eukaryotic and 
procaryotic microorganisms (1-37).
All native mammalian forms are a single polypeptide chain consisting of a total 
of 61 amino acids with a molecular weight ranging from 6500 to 7500 daltons 
depending on the metal composition. Metallothioneins have the highest cysteine 
content (ca. 33 %) of any known protein, exceeding that of high sulfur proteins in 
wool (6 ). The amino acid sequence reveals uniform distribution of the cysteine 
residues along the polypeptide chain (Fig. 6-1) (7, 38). The positions of the 
cysteines are conserved in evolution (39). The most striking feature is the 
abundance of Cys - X - Cys sequences, where X represents an amino acid residue 
other than cysteine. This arrangement occurs seven times in mammalian MT and 
corresponds to the number of bivalent metal ions bound to the protein. The primary 
structure of MT is also notable for its lack of aromatic and histidine residues and as 
well as the high proportion of serine and basic amino acids located adjacent to the 
cysteine residues (6 ). There are no disulfide bonds or free sulfhydryl (-SH ) groups 
in the native protein. A summary of the physical and chemical properties typical of 
mammalian metallothioneins is given in Table 6-2.
The majority of mammalian metallothioneins contain two or more distinct 
isoforms, M T I andM TII. The designation depends on the elution position from 
DEAE-cellulose chromatography (40). MT isoforms differ in their overall negative
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F igu re  6 -1 . Amino acid sequences o f m etallothioneins.
Source of Protein Residue and Position
(1) Human MT II N-acetyl-met-asp-pro-asn-cys-ser-cys-ala-ala-gly-asp-ser-cys-thr-cys
(2) Human MT I N-acetyl-met-asp-pro-asn-cys-ser-cys-ala-ala-gly-asp-ser-cys-thr-cys
(3) Equine MT IB N-acetyl-met-asp-pro-asn-cys-ser-cys-val-ala-gly-glu-ser-cys-thr-cys
(4) Mouse MT I N-acetyl-met*-asp-pro-asn-cys-ser-cys-ser-thr-gly-gly-ser-cys~thr-cys
(5) Mouse MT II N-acetyl-met-asp-pro-asn-cys-ser-cys-ala-ser-asp-gly-ser-cys-ser-cys
(6) Rabbit MT II N-acetyl-met-asp-pro-asn-cys-ser-cys-ala-ala-asp-gly-ser-cys-thr-cys
(7) Neurospora MT H-gly-asp-cys-gly-cys-ser-gly-ala-ser-ser-cys-asn-cys
(1) ala-gly-ser-cys-l^s-cys-lys-glu-cys-l$!-cys-thr-ser-cys-1$9-
( 2 ) ala-gly-ser-cys-lys-cys-lys-glu-cys-lys-cys-thr-ser-cys-lys
(3) ala-gly-ser-cys-lys-cys-lys-gln-cys-arg-cys-ala-ser-cys-lys
( 4) thr-ser-ser-cys-ala-cys-lys-asp-cys-lys-cys-thr-ser-cys-lys
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TABLE 6  -1  





liver,kidney, heart, testis, cultured cells
Reference 
2, 3 ,4
monkey kidney, cultured cells 4 ,5
horse liver, kidney, intestine 6 ,7
cow liver, duodenum, fetal liver 4 ,8
sheep liver, fetal liver, kidney 4 ,9
pig liver, kidney 4,10
dog liver, kidney, spleen 1 1 , 1 2
rabbit liver, fetal liver, kidney 4,13
hamster liver, kidney, cultured cells 12,14
rat liver, fetal liver, kidney, intestine, spleen 
pancreas, placenta, testis, brain
4,12,15-17
mouse liver, kidney, pancreas, placenta, testis 
blood, cultured cells
4,18-22
seal liver, kidney 4,23
chicken liver 4 ,12 ,24
duck liver, kidney 1 2
quail liver, kidney 1 2
frog liver, kidney 1 2
salamander liver 1 2
earthworm soft tissue 25
fruit fly larva 1 2
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TABLE 6 -1  CONTINUED
stone fly larva 1 2
sea urchin embryo 1 2
crab hepatopancreas 12,26,27
plaice liver 4 ,12
flounder liver 1 2
trout liver 12,28
eel liver, gills 1 2
oyster soft tissue 1 2
mussel mantle 1 2
grass root 29,30
cabbage leaves, stems, root 1 2
tomato root 1 2
Neurospora crassa. yeast 31, 32
Saccharomvces cerevisiae. yeast 12, 33-36
Agaricus bisporus. mushroom 37
TABLE 6 - 2
PROPERTIES OF MAMMALIAN METALLOTHIONEINS
Property Value Reference
Location cytoplasm of liver, kidney, intestine 122,115
Molecular weight (Da) 6500 - 7500 1-37,115
Polypeptide chain 1 1-37,115
Molecular shape prolate ellipsoid 6,51
Chain length 61 residues 12,115
Cysteine 33 residue % 6 ,7 ,11 ,114
Serine 14 residue % 6,114
Basic amino acids 13 residue % 6,114
Trp., Try., His. None 6,114
Disulfide sulfur None 6,114
Thiolate sulfur 2 0  g. atom mole"1 6,41 ,53
Metal composition 6  -11 %, usually Zn, Cd, Cu 41,115
Sum of metals 6 - 7  g. atom metal m ole_1 41,114,115
Thiolate Sulfur /sum of metals ca. 3 41,114,115
Isoelectric point co. 4 6,115
charge and detailed amino acid composition, however the positions of the 
cysteine residues are highly conserved.
Raman, IR, a n d 1!! NMR spectroscopy indicate a disordered secondary 
structure for apometallothionein1 (41-48). Computer analysis of the far UV circular 
dichroism spectra and the secondary structure prediction method o f Chou and 
Fasman indicates 48-55% disordered structure, 6-10% a- helix, 16-18 % p sheet, 
and 20-21% p turn for apometallothionein (41,49). Binding of the metal converts 
apometallothionein to a protein with a stable compact conformation with a well 
defined tertiary structure (42,45-48). The general shape of MT is prolate ellipsoid 
with axial ratio of 6  (6 , 51). 113Cd NMR (8 8 ), 1 13Cd- NMR (50), 2D !H
NMR (101), X-ray crystallographic studies (51), and studies of subtilisn digested 
fragments (89) of MT pfovide unequivocal evidence for two separate domains in 
MT. Both domains are globular with diameters of 15-20 A linked by residues 30 
to 31 (51). The amino terminal p domain consists of amino acid residues 1-29 
while the carboxyl terminal a  domain consists of amino acid residues 30-61. Each 
domain is an antiparallel p sandwich. The contacts between the two domains are 
largely limited to the a -p interface (51). Interestingly, the protein folding pattern 
in the a and p domains are topologically similar, but of opposite chirality. Raman 
and IR spectra of MT indicate that MT consists largely of p turns mainly of type III 
in agreement with 2D NMR solution and X-ray crystal structures (43,50-51).
Besides ferritin, MT is the metalloprotein with the highest metal content known,
1 Apometallothionein (apoMT) is the metal free form of metallothionein.
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6 -1 1 %  (12). Generally, the total metal content of bivalent metal is constant,
6 - 7  moles per mole of protein. However, metallothioneins have widely varying 
metal ion composition. They often have nonintegral varying ratios of Zn, Cd and 
Cu. The composition of MT preparations with respect to the different metal ions 
varies with organism, tissue of origin, pretreatment or exposure of the organism to 
different metals, and the stage of development. For example, MT isolated from 
human liver autopsy samples contains almost exclusively Zn whereas MT from 
kidney contains substantial levels of Cd and Cu (12). MT isolated from cells or 
organisms that have been experimentally exposed to high levels of heavy metal 
contain predominantly, but not exclusively, the administered metal. For example,
MT isolated from the liver of cadmium treated rats contains 5 atoms of Cd and 2 of 
Zn (52).
The metals in MT can be removed in vitro by exposure to low pH. The 
resulting apoMT can be reconstituted with 7 atoms of Cd or Zn or with 12 atoms of 
copper (12). Overall stability constants estimated by pH titration or by ligand 
substitution method range from 1 0 19 to 1 0 17 for copper, 1 0 17 to 1 0 15 for cadmium, 
and 1014 to 10 11 for zinc (12, 53). Mammalian metallothioneins can also bind 7 
atoms of Hg(II), Co(II), Pb(II), Bi(III), In(III), Sb(III), and Ni(II); or 10 - 12 
atoms of Ag(I) and Au(I) (12, 5'4).
Biosynthesis of MT is induced in various tissues and cells by treatment with 
metal ions such as Zn(II), Cd(II) and Cu(II), glucocorticoid hormones, interferon, 
and in response to stress. In all cases, biosynthesis is regulated on the 
transcriptional level involving different regulatory regions of the gene (39, 40,
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55-63).
All of the cysteines are known to be involved in the coordination of the 
metals in MT. Analysis of the charge transfer transitions of the absorption spectra 
of Zn(II) Cd(II) Hg(II) -, Ni(II) and Co(H) - metallothioneins provides 
direct evidence for the metal thiolate mode of binding (39,41,53, 64-66). These 
spectra are dominated by transitions associated with the formation of metal thiolate 
complexes. In the metal free form of MT, these specific features are absent, 
yielding a single absorption at 190 nm attributed to the secondary amide and thiol 
transitions (40,48).
The positions of bands in the high energy region of room temperature MCD 
spectra of Zn(II) -, Cd(II) -, Hg(II) -, Ni(II) -, and Co(II) - metallothioneins are also 
attributed to metal thiolate transitions (41,53, 64-70). They are diagnostic of the 
charge transfer transitions from thiolate ligands to the central metal ion, S —> 
M(II).
The exclusive presence of thiolate sulfur in native MT was also confirmed by 
X-ray photoelectron spectrometry (ESCA). The 3/2  core electrons of cysteine 
sulfur atoms of MT had binding energies in the region of those expected for thiolate 
(24,39,41,71-2). In addition, ESCA confirmed that all cysteine side chains are 
deprotonated and that they participate in metal binding in MT.
1H NMR spectra of MT and apoMT in the high field region gave further 
evidence for metal binding to the sulfur ligand of cysteine. The p - CH2  resonances 
of cysteine are shifted from 3.02 ppm to 2.95 ppm upon dissociation of the metal
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from the protein (45, 73). A phase difference of the same signal reflected the 
difference in the spin - spin coupling of the p - CH2  proton as a function of metal 
binding to the cysteine side chains, supporting their participation in metal thiolate 
binding (46).
Various spectroscopic techniques suggest tetrahedral coordination of the metal 
by cysteine sulfurs. For example, extended x-ray absorption fine structure 
(EXAFS) measurements, as previously determined by Zn K edge (77), Cd K edge 
(79), and Pb and Hg L3 - edge (80), support the tetrahedral coordination of metal 
exclusively by cysteine sulfur atoms. 113Cd NMR provided further proof of 
Cd(SCys)4  coordination due to the occurrence of resonances at 600 - 700 ppm 
downfield o f Cd(C1 0 4 0 ) 2  (81-5). In addition, perturbed angular correlation of 
gamma ray (PAC) spectroscopy results of 11 lm 2  Cd - MT also suggested a weakly 
distorted tetrahedral symmetry (86-7).
Unambiguous evidence for tetrahedral type symmetry of the metal ion in MT 
was obtained from the electronic absorption and room temperature MCD spectra of 
Co(II) -, Hg(II) -, and Fe(II) - metallothioneins (65-6, 74). Analysis of the d-d 
region of Co(II) - and the near - IR region of Fe(II) - metallothioneins showed that 
the metal is bound to four thiolates in a distorted tetrahedral geometry (65-6,75-6).
The same type of coordination was also suggested for the binding of zinc, cadmium, 
and mercury on the basis of an analysis of the metal thiolate charge transfer spectra 
by semiempirical Jorgensen electronegativity theory (64).
2  111m Excited i n Cd nuclei which decays to the ground state via an 
intermediate state of T ^  = 84 ns
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MT exhibited a markedly larger band width of the S p ^  3/2 core electron energy 
profile ( ~ 3 eV) than that exhibited by model compounds in which the metal is in an 
uniform environment (39, 41). Therefore, ESCA suggests the existence of two 
types of ligands - bridging and terminal. The occurrence of two very different 
frequencies in PAC spectroscopy of the l l l m 2 Cd - MT was also consistent with 
two types of tetrahedrally distorted environments (41,86).
The optical and magnetic properties of Co(II) - (76), and Fe(II) - 
metallothioneins (74) containing 1 -7  equivalents of metal are indicative of thiolate 
linked Co(II) and Fe(II) clusters, respectively. The spectroscopic changes that 
occurred on titration of apoMT with Co(II) or Fe(II) salts showed that some of the 
terminal thiolate ligands were converted into bridging ligands with increasing metal - 
to - apoMT ratios. The titration studies suggested that there was a conversion from 
nonmagnetically interacting Co(EI) or Fe(II) complexes to magnetically interacting 
Co(II) or Fe(II) thiolate clusters. Paramagnetic susceptibility measurements of 
Co(II) - metallothioneins with one and six equivalents of Co(II) provided further 
support for the existence of Co(H) thiolate clusters in MT.
113Cd NMR experiments provided direct evidence for metal thiolate clusters. A 
detailed analysis of 113Cd - 113Cd scalar coupling by homonuclear decoupling and 
two dimensional techniques of the isotopically labelled 113Cd - MTs isolated from 
rabbit (84), calf (8 8 ), and human (89) liver showed the 7 atoms of Cd(H) bound in 
the mammalian proteins are arranged in two separate clusters, involving four and 
three metal atoms, designated as A and B clusters, respectively. Each metal is
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tetrahedrally coordinated by four cysteinyl sulfurs; and all the cysteinyl sulfurs are 
involved as terminal or p.2 ligands. Fragmentation of rat MT by subtilisn digestion 
(90), and 113Cd NMR decoupling measurements of the carboxyl terminal fragment 
(89,91) showed cluster A containing 4 metal ions corresponds to carboxyl terminal 
a  domain and cluster B containing 3 metal ions corresponds to the amino terminal p 
domain. Thus, the protein is folded into two domains, one for each cluster, utilizing 
nine and eleven cysteines, respectively. Otvos and Armitage proposed the three 
metal cluster formed a cyclohexane-like six membered ring, Cd3 (Cys)9 while the 
four metal cluster formed a bicyclo [3:1:3] structure, Cd4 (Cys) 11 (42).
The structure of MT deduced from electron micrographs using image-processing 
methods is also indicative of the existence o f well separated, strongly electron 
scattering metal sulfur domains (39,92).
Based on Chou-Fasman calculations (42), scalar and dipolar connectivities 
between protons of amino acid residues obtained from extensive 1- and 2D NMR 
experiments (42), and previously summarized physicochemical data, Boulanger, et 
al (42) constructed a hypothetical molecular model of MT representing the 3D 
solution structure. The domain of the three metal cluster was proposed to contain 
four Cys - X - Cys groups (specifically residues 5-7; 13-15; 19-21; and 24-26) and 
one isolated cysteine (residue 29). The domain of the four metal cluster contains 
cysteine groupings, a Cys - Cys - X - Cys group in positions 57-60 and four 
cysteines in positions 41-50. Cysteine residues 33, 37, 41 and 50 are bridging 
ligands (42,90).
113Cd - *H NMR have been used to assign cysteine resonances in rabbit liver
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Figure taken from reference 51.
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M T II (50). Two dimensional nuclear Overhauser enhancement (NOESY) (93-4) 
and two dimensional correlated (COSY) (93,95) spectra were interpreted by Frey et 
a l . to yield the structure for the protein in solution shown in Fig. 6-2 (top). 
Assignments of the 113Cd resonances of the two clusters and 113Cd - 113Cd 
connectivities within the clusters were consistent with the previous proposal made 
by Otvos and Armitage (83-4). On the other hand, 18 of the proposed 28 Cd - to - 
Cys connectivities as well as all the bridging cysteines are in discord with the 
hypothetical model for MT n  proposed by Boulanger et al. . However, there are no 
obvious discrepancies between the 113Cd - *H connectivities of MT II and crab MT 
obtained by two dimensional NMR experiments by Otvos et al .(96) and Live et al 
(97), respectively, and those used by Frey et a l . to obtain the solution structure.
More recently an X-ray crystal structure has been reported for rat Cd5Zn2  - MT 
(51). The structure has been refined to 2.3 A with an R ~ 33 %. It shows the two 
metal clusters are arranged in two globular domains in which all the metal ions are
tetrahedrally coordinated (Fig. 6-2, bottom). The B cluster in the p domain consists 
of three bridging thiolate ligands, six terminal thiolates, and 2 Zn and 1 Cd atom. 
The 3 metal atoms form an equilateral triangle within a six atom ring that adopts a
chairlike conformation. The A cluster in the a  domain consists of five bridging 
thiolate ligands, six terminal thiolates, and 4 Cd atoms. The 4 Cd atoms form a
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distorted tetrahedral or " butterfly" embedded within two overlapping 6  atom 
rings. The metal - metal distances in the two clusters range from 3.9 to 5.2 A (51).
At present, the resolution is not sufficient to distinguish between Cd - S and Zn - S 
separations or to define these distances accurately.
Crystallographic and 2D NMR solution structures are in agreement that the 
metal atoms are coordinated exclusively by cysteine residue sulfur atoms, but are at 
variance with each other in the detailed organization of the cysteine residues of both 
the three and four metal cluster in MT. A possible explanation for the discrepancy of 
the metal to cysteine assignments for 2D NMR solution and the crystal structures is 
the X-ray crystallographic structure is only a minor configurational substate of the 
protein in solution. Support for this explanation arises from several experimental 
avenues. Firstly, the crystals of rat Cd, Zn - MT were formed at a very high ionic 
strength (75,98). Vasak et a l . (99) have reported that variation in ionic strength 
affects the Stokes radius and the far-UV circular dichroism spectra. Secondly, 
studies of the effects of temperature and ionic strength on 113Cd NMR resonance 
intensities provided definite evidence that MT does not possess a rigid structure 
containing seven metals bound in two distinct clusters, but has considerable 
structural flexibility which permits the existence of multiple configurational substates 
whose relative populations are controlled by conditions such as temperature and 
ionic strength (100). Thirdly, Stillman et a l . (110) reported changes in circular 
dichroism spectra of Cd,Zn metallothioneins in response to changes in temperature.
The proposed structural flexibiltiy of MT is also consistent with metallothionein's
4
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involvement in the controlled uptake and release of metal ions, a process that may 
require thermodynamic and kinetic tine tuning.
The detailed structure of copper metallothioneins has not yet been solved, 
however it is likely to be quite different from that of the cadmium,zinc forms since 
copper is bound in the monovalent rather than the divalent valence state. X-ray 
photometry (102), electron paramagnetic resonance, UV-visible absorption (8,103), 
and luminescence (104) studies all provide support for monovalent copper.
Vertebrate metallothioneins show Cu(I) is bound in the p domain (8 8 ) and the 
binding stoichiometry is 11 -12 atoms of copper compared to 7 atoms of Cd or Zn
(12,54). Cu(I) can bind to MT with distribution of 6  metal ions in both a  or p 
domains (54). In addition, EXAFS studies (105,106) suggest the metal 
coordination is primarily trigonal, rather than tetrahedral, which would alter the 
folding and tertiary structure of the protein. The different conformations for Cd and 
Cu may impart the specificity for the function of the molecule in different metal 
substituted metallothioneins.
6 .1.1.1 Order and cooperativity of metal binding
113Cd NMR studies revealed significant differences in the affinity of the two
clusters in mammalian metallothioneins for different metal ions. For the four metal
(A) cluster, the preference is Cd > Zn > Cu, and for the three metal B cluster Cu >
Zn > Cd (8,12,42,88,91).
The order and cooperativity of metal binding of the two clusters has been
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investigated by taking advantage of the fact that MT and its metal filled domains are 
much more resistant to proteases than unsaturated apoMT domains (90,107,108). 
Nielson and Winge(107) proposed that Zn and Cd first fill the A cluster then the B 
cluster whereas copper first fills the B cluster then the A cluster. Metal binding is 
believed to be a two step process with the binding reaction in each domain being 
highly cooperative.
Bernhard et a l . (109) proposed a multistep process involving stochastic and 
ordered events for reconstituted Cd7 - MT; in contradiction to the results by Nielson 
and Winge. Their results show the emergence of a more stable cluster A was 
preceded by the formation of complexes of Cd with groups of cysteines selected at 
random along the polypeptide chain. Cooperativity appeared as an ordering 
principle only after the options for the formation of separate metal tetrathiolate 
complexes are exhausted. The generation of the Cd thiolate structures in MT was 
proposed to be a probabilistic process modulated by constraints and chemical forces 
effective in the system. A similar "distributed" mode for cadmium binding to Zn7 - 
MT was proposed by Stillman et a l . (110). However, a domain specific model 
was proposed for the reconstitution of apoMT to yield Cd7 - MT.
A stepwise mode of formation of the clusters was suggested for Co7  - MT based 
on electronic and electron paramagnetic resonance data of rabbit liver MT I renatured 
with Co(II) in vitro. The first four cobalt ions produced no magnetic interaction, 
therefore were presumably distributed between the two clusters. The remaining the 
cobalt ions gave increasing interaction as the separate sites become linked to yield 
Co7 - MT (76).
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Based on the previous experimental results, one can conclude that the pathway 
followed in metal binding in MT depends both on the metal species and on the 
choice of experimental conditions. Further metal binding studies to determine the 
mechanism of assembly of the clusters in MT are extremely important considering 
that the differences in the binding patterns of Cd and other metals may be important 
in cell recognition systems, and permit distinction between the different metal forms 
of MT.
6 .1.1.2 Gene structure and evolution
Mammalian genes, complimentary DNA (cDNA) clones have been isolated for
mouse MT I (56), human MT II (111), monkey MT I and MT II (12), Chinese 
hamster MT I and II (12), rat MT I (12) and sheep MT (12). The DNA sequences of 
the cloned MT cDNAs are colinear with amino acid sequences of purified MT 
polypeptides. The functional mouse and human MT gene share a similar tripartite 
structure. The chain is divided into 3 exons corresponding to amino acid residues 
1-9,10-31, and 32-61, respectively (12). The similarity of the tripartite structure of 
human and mouse genomic MT provides evidence that they are common products of 
an ancestral gene that arose prior to the rodent - mammalian radiation (12). Of 
particular interest is that the junction between exons 2 and 3 falls precisely at the 
boundary of a  and p domains. The coding sequences of mammalian 
metallothioneins are strongly conserved.
The highly conservative character of the primary structure is revealed by the 
similarity in the sequences of metallothioneins from different species (c.existence.
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Fig. 6  -1). Virtually all the positions of the cysteine residues are preserved. Despite 
the great evolutionary distance between fungus and the higher vertebrates, a high 
degree o f sequence homology exits between amino terminal of fungus and 
mammalian metallothioneins. Considering the positions of these two species in 
evolutionary tree, the small number of substitutions supports the view that 
metallothioenins are rather slowly evolving proteins.
6 .1.1.3 Physiological roles of Metallothionein
The wide occurrence of metallothioneins in nature and the remarkable 
preservation in evolution of the metal binding cysteine residues in the sequence, 
implies their involvement in some important role in metal biochemistry and 
physiology. However, the major role of MT has yet to be fully determined. 
Knowledge of metallothioneins comes from a variety of sources: physiologists and 
toxicologists interested in its heavy metal metabolism and detoxification, protein 
chemists and spectroscopists intrigued by its unusual structural features, and 
molecular biologists interested in gene regulation and the use of MT promoter 
sequences for genetic engineering experiments. Evidence is consistent with a 
minimum of three distinct functions for metallothioneins, one for Cd, Zn, and Cu, 
respectively.
As cadmium is highly toxic , the main function of MT with regard to Cd is 
protection against long term toxicity, with MT being the major protein involved 
(12,39,112-114). Under normal conditions of chronic low level exposure, the 
basally synthesized MT is probably sufficient to chelate most or all of the cadmium
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ions (115-116). Under unusual conditions of sudden high level exposure, the 
induction of MT gene transcription provides additional protection (56, 59-60, 62).
The high affinity of MT for cadmium, and the long half-life of Cd - MT (57,
117-118) are consistent with a detoxifying function.
Copper plays an essential role in several enzymes involved in electron transfer 
and oxidation reactions. As free copper is a potent toxin, a primary function of MT 
with regard to Cu is to maintain low intracellular concentrations, mainly in the liver, 
of the free ion while at the same time permitting the activation of Cu enzymes. MT 
plays only a minor role in metabolism of Cu under normal conditions because the 
binding of Cu to MT is too tight to allow ready transfer to the enzymes (12,39).
Under conditions of high copper exposure, induced MT would provide a highly 
effective detoxifying agent because of its strong affinity for the free ion (119,120).
Zinc is less toxic that copper. Furthermore, zinc enzymes catalyzed a much 
broader range of reactions than do Cu enzymes including various steps in protein 
synthesis and degradation, energy metabolism, replication and transcription (58).
MT probably acts as a zinc storage protein that plays a true homeostatic role in the 
metabolism of zinc. MT synthesized in the liver serves as a labile source of Zn that 
can be subsequently utilized in many different organs for the activation of enzymes 
that are essential in early development and under stress conditions (12,58). The low 
stability constant of zinc - MT makes it ideally suited for such a purpose 
(14,55,63,121-124).
Other possible functions for metallothioneins include control of cellular growth 
since the genes seem to be involved in the control o f cell differentiation and
proliferation (58,125). Metallothioneins may act as free radical scavengers 
(126-128) since they are synthesized in response to UV radiation (58,129, 130). 
Another explanation is that MT serves as a source of zinc for DNA repair of 
enzymes that are activated after irradiation.
6.1.2 COBALT(D) SUBSTITUTED METALLOTHIONEINS
Only those mammalian cobalt (II) substituted metallothioneins pertinent to this 
work will be emphasized. Absorption maxima of Co(II) substituted rabbit liver MT 
with seven Co(II) ions (Fig. 6-3, spectrum existence) in the 600 - 800 nm region 
occur at 743, 690, and 600 nm with molar absorptivities of 3050, 2930, and 1710 
M ' 1 cm '1, respectively (Table 6-3) (76). These features are typical of tetrahedral 
coordination of cobalt(II) ion. The resolved d-d pattern has been assigned to the spin 
allowed and symmetry forbidden (v3) 4A2 — > 4 Tj(P) d-d transition. The three 
components originate from splitting of the 4 Tj(P) excited state as a result of spin 
orbit coupling and low symmetry crystal fields (41,65).
The UV-visible absorption spectrum of Co(II) equine kidney MT I (Table 6-3) 
is similar to that of Co(II) rabbit liver MT I. However, the absorptivities of the 
maxima for rabbit liver Co(II) - MT are about 30% higher than for equine kidney 
Co(II) - MT, which is compatible with the somewhat higher degree of distortion in 
rabbit liver MT I arising from the slight differences in the primary sequences of the 
two proteins (65-6). The absorption spectrum of Co(II)-substituted a  fragment of 
rabbit liver MT, carboxyl terminal segment containing four Co(II) ions (Co(II)4 - 
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showed an increase in the intensity of the band at 740 nm arising from the increased 
symmetry of the Co(II) sites in Co(II)4  - fragment (131).
The UV-visible spectrum of fully occupied rabbit liver Co(H) - MT I (Fig. 6-4, 
spectrum existence) displays a pronounced shoulder near 400 nm and maxima at 320 
nm with molar absorptivities of 15200 and 19960 M "1 c m _1, respectively (Table 
6-3) (76). The bands below 500 nm arise from S —> Co(II) charge transfer 
transitions. MCD and CD measurements indicate the envelope contains at least four 
transitions. The band at 320 nm is also observed for mononuclear Co(II) thiolate 
complexes i.e., [C o ^ -o -x y l^ ]2'  and [Co(SEt)4]2‘ , and cobalt (II) substituted 
rubredoxins. The band is believed to be diagnostic of terminal S —> Co(II) charge 
transfer transition (76). The absorption spectra of equine kidney and a  fragment of 
rabbit liver Co(II)-substituted metallothioneins are similar to that of rabbit liver 
Co(II)-MT.
The room temperature MCD spectrum of fully metal saturated rabbit liver 
Co(H) - MT I (Fig. 6-5) in the d-d region exhibits a strong negative band at 757 nm 
with a pronounced shoulder at 690 nm and weaker bands at 628 and 580 nm, 
consistent with rabbit liver was similar to that of Co(II) 7 - MT from rabbit liver, 
except that the molar ellipticity at 740 nm was approximately 40% lower due to the 
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Co(II) in distorted tetrahedral environment (65). MCD spectra o f rabbit liver and 
equine kidney Co(II) 7 - metallothioneins are sim ilar, but the latter showed slight 
variations in the maxima of individual MCD bands (6 6 ). The MCD spectrum of 
Co(n )4  - fragment (131).
In the charge transfer region, the room temperature MCD of fully metal occupied 
rabbit liver Co(II) - MT shows positive bands at 425 and 250 nm and negative 
bands at 373 (shoulder), 342, and 300 nm (shoulder) (Fig. 6-5) (65). These bands 
are assigned to S —> Co(II) charge transfer transitions. MCD spectra of equine 
kidney (6 6 ) and a  fragment of rabbit liver (133) Co(II)-substituted metallothioneins 
are similar to that of fully metal occupied rabbit liver Co(II) - MT, and assignments 
are analogous.
Spectral changes that resulted from incremental additions of Co(II) to apoMT 
provided insight into the pathway of metal incorporation and cluster formation in 
Co(n) - MT. The absorption spectra of incompletely occupied forms of rabbit liver 
Co(II) - MT I displayed essentially the same features o f (v3) 4 A2  — > 4 Tj(P) d-d 
transitions (Fig. 6-3) indicative of the preservation of tetrahedral coordination of the 
Co(II) sites at all stages of assembly (76). The d-d profile increased proportionately 
without appreciable alteration of shape up to the binding of 4 equivalents of Co(II)
(Fig. 6-3, spectra a-c) consistent with magnetically noninteracting tetrahedral Co(II) 
tetrathiolate complexes. Further addition of Co(II) resulted in a progressive blue 
shift of the high energy d-d band from 600 to 590 nm and a change in the relative 
intensities of 690 and 743 nm maxima (76). The spectroscopic changes that resulted 
from the addition of more than 4 equivalents of Co(II) were interpreted in terms of
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some terminal thiolate ligands being transformed to bridging thiolates and the 
formation of Co(II)-thiolate clusters.
Analogous spectral changes in the charge transfer region below 500 nm occur 
upon increased occupation of metal binding sites with Co(II) (Fig. 6-4). No 
qualitative changes were discernible up to 4 equivalents of Co(II) added (Fig. 6-4, 
spectra a-c). Further addition resulted in a shift of the maxima at 305 nm and the 
shoulder at 370 nm to 320 and 400 nm, respectively (Fig. 6-4, spectra d-f). A red 
shift of the absorption minimum from 280 nm to 290 nm also occurred (76). Again 
these changes were attributed to the formation of bridging thiolate ligands.
EPR measurements of rabbit liver Co(II) - MT I with different Co - to - apoMT 
ratios (Fig. 6 -6 ) also indicate the transition from magnetically noninteracting 
tetrahedral Co(II) tetrathiolate complexes to polynuclear structures. EPR spectra of 
samples of apoMT titrated with Co(II) salts were reported to display qualitatively 
the same profile, but to differ markebly in intensity (76). Up to binding of 4 
equivalents of Co(II), the intensity of the gx ~ 5.9 was reported to increase linearly 
with Co(fi) concentration. Further addition beyond 4 Co(II) equivalents was 
reported to result in a proportionate loss of EPR intensity (Fig. 6 -6 , right), yielding 
a nearly diamagnetic complex. Vasak et a l . (76) concluded that the loss of 
paramagnetism in samples above ~ 4 Co(II) equivalents per apoMT was a result of 
antiferromagnetic coupling of metals bridged by common thiolate ligands. The 
intensity drop in EPR spectra combined with the changes in the electronic spectra 
provide convincing evidence for the transformation of magnetically noninteracting 
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thiolates. Based on the observed spectroscopic data the clusters appeared to be 
assembled in two stages, with preservation of approximate tetrahedral symmetry for 
Co(II) at all levels. The first four metal ions produce virtually no magnetic 
interaction, but generate the steric arrangement necessary for the binding of the 
remaining 3 metal ions.
Room temperature magnetic susceptibility studies of rabbit liver Co(II) - MT 
containing 1 equivalent of Co(II) displayed an effective magnetic moment of 5.5 
B.M., consistent with tetrahedral coordination of Co(II). In contrast, rabbit liver 
Co(II) - MT I containing 6  equivalents o f Co(II) showed effective magnetic 
moments of 2.64 and 2.48 B.M. at 277 and 327 K, respectively. These effective 
magnetic moments are much lower than the spin only value calculated for high spin 
(S = 3/2) Co(II) (132), indicating partial spin cancelling by antiferromagnetic 
coupling of neighboring Co(II) centers in the nearly fully occupied Co(II) - MT.
The occurrence of antiferromagnetic coupling in fully occupied Co (II) - MT provides 
further evidence for clusters in MT.
6.1.3 OBJECTIVES
The large body of experimental data summarized in this chapter reflects the 
progress made in the recent years in the understanding of the overall structure of MT 
and of the mode of metal binding in this unusual protein. It is clearly evident that 
further studies of the organization of these clusters and the dynamics of their 
formation are necessary for the proper assessment of the role(s) played by this 
protein in cellular processes.
In this work, we address the organization of the metal clusters and their 
formation in cobalt(II)-substituted rabbit liver metallothioneins of varying Co(II) to 
apoMT ratios by using low temperature MCD spectroscopy combined with parallel 
EPR, and UV-visible absoiption studies to characterize the electronic and magnetic 
properties of constituent cobalt centers of the Co(II) - MTs. Interpretation of the 
results was facilitated by parallel spectroscopic studies of synthetic cobalt thiolate 
complexes, [Co(S2 -o-xyl)2]2', [Co(SR)4]2', and [Co4 (SR)10]2*; S = SEt or SPh, 
(Chapter 3) and cobalt(II) substituted rubredoxins (Chapter 4). The results of this 
study are useful in elucidating the nature and properties of the multiple Co(II) 
thiolate clusters in MT and in establishing the mechanism of metal cluster assembly 
in Co(H) reconstituted metallothioneins.
6.2 RESULTS
Samples of Co(II) - substituted MT with Co(II) - to - apoMT ratios between 0 
and 15 were studied by EPR, UV-visible absorption and variable temperature MCD 
spectroscopy. Specifically samples with Co(II) - to - apoMT ratios of 1, 2 ,4 , 5.5, 
6 .6 , 7, 10 and 15 were investigated. In comparing the EPR and UV-visible 
absorption results with those previously reported by Vasak and Kagi (76), it should 
be noted that the concentrations of apoMT and hence the ratios are only accurate to ± 
10% (see Materials and Methods, Chapter 3). The results are discussed below 
delineated into sections on the EPR and optical (UV-visible absoiption and variable 
temperature MCD) spectroscopic studies.
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F igu re  6 -7 . EPR spectra  of Co(II) - M T as a  function o f Co(II) - 
to -protein ratio. Moles of Co(II) per mole of apoMT: a, 1; 
b, 2; c, 4; d, 5.5; e, 10. Nominal protein concentrations are 
0.61 - 0 .69m M . Conditions: microwave power, 10 mW; 
gain, 4 x 10 , temperature, 5 K; modulation amplitude, 2.0 
mT; microwave frequency, 9.48 GHz.
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6.2.1 EPR STUDIES
EPR spectra for samples with Co(II) /  apoMT ratios of 1 ,2 ,4 , 5.5, and 10 are 
shown in Fig. 6-7. Spectra for ratios of 6 .6  and 7.0 were very similar to that 
obtained at 10 and are not shown for clarity. In common with other high spin S =
3/2 Co(II) complexes, the EPR signals for all Co(II) /  apoMT ratios are very fast 
relaxing and are best observed at 4 K. The spectra are all indicative of a rhombically 
distorted S = 3/2 ground state and originate from only the lower (Mg = ± 1/2) 
doublet of the zero field split ground state (see Chapter 2).
Up to binding 2 equivalents of Co(II) (Fig. 6-7, spectra a andb), the EPR 
spectra display identical profiles with g-values of ~ 6.0, 3.5, and 2.0*, and the 
intensity of the signal at g ~ 6.0 increases linearly with Co(II) concentration. This 
is indicative of the first 2 equivalents of Co(II) going into identical, magnetically 
noninteracting sites, each with four terminal thiolate ligands. The spectra are very 
similar to those observed under analogous conditions for mononuclear Co(II) 
thiolate complexes and Co(II)-substituted rubredoxins (see Chapters 4 and 5).
In contradiction to the reports by Vasak and Kagi (76), changes in EPR spectra 
were observed for Co(II) /  apoMT ratios greater than two. EPR spectra on titration 
of apoMT with Co(II) show a progressive shift of the high field principal g-value 
from g = 2.0 for 2 equivalents, to g = 1.8 for 4 equivalents, to g = 1.6 for 5.5
* The principal g-values quoted for all Co(H) EPR spectra correspond to maximum, 
crossover, and minima of the spectra. In fitting magnetization data, the two numerically 
closest g-values are averaged to g ||.
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equivalents, and g = 1.5 for the fully metal saturated form. The close similarity in 
variable temperature MCD results, see the form and intensity of the EPR spectra for 
samples with Co(II) /  apoMT ratios of 6 .6 , 7.0 and 10.0 suggests that a 
paramagnetic cluster with an S = 3/2 ground state is indeed present in the fully metal 
saturated form. This is consistent with the below.
The intensity of the g ~ 6  resonance continually decreases for Co(II) /  apoMT 
ratios greater than 2. Therefore the onset of cluster formation and magnetic 
interaction between Co(II) centers occurs for a Co(II) /  apoMT ratio somewhere 
between 2 and 4. In contrast, Vasak and Kagi (76) reported the EPR intensity at g 
~ 6  increased linearly up to 4 equivalents of Co(II). However, in view of our 
observation that one of the clusters in the fully metal saturated protein also has an S 
= 3/2 ground state and an EPR resonance at g ~ 6 , plots of EPR intensity versus 
Co(H) /  apoMT ratio cannot be interpreted solely in terms of loss of the monomeric 
Co(H) centers. This was the naive approach adopted by Vasak and Kagi (76). 
However, the decrease in EPR intensity does provide unambiguous evidence for 
magnetic interaction between Co(II) centers and therefore the formation of Co(II) 
thiolate clusters for Co(II) /  apoMT ratios > 4.
A sample with Co(II) /  apoMT ratio of 15 was investigated to assess the effects 
of excess Co(II) on the spectroscopic properties of Co(II) - substituted MT. The 
EPR spectrum of this sample is shown in Fig. 6 - 8  and comprises a broad derivative 
resonance centered around g = 4.75. Identical EPR spectra were observed for 
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F igure  6 - 8 . EPR spectrum  of Co(II) - M T w ith Co(II) to protein 
ra tio  of 15. Protein(6.3 x It)-4  M) in 0.5 M Tris-HCl, pH 
7.0; with 40% glycerol. Conditions: microwave power, 
lOmW; gain, 4 xlO , temperature, 5 K; modulation amplitude, 
2.0 mT; microwave frequency, 9.48 GHz.
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result it can be concluded that excess Co(II) in aqueous solution is not responsible 
for the EPR signal observed for the fully metal saturated Co(II) - substituted MT.
6.2.2 UV-VISIBLE ABSORPTION AND VARIABLE TEMPERATURE MCD 
STUDIES
Room temperature absorption spectra and MCD spectra recorded at 4.5 T at 
temperatures between 1.6 and 106 K for each of the samples of Co(II) - substituted 
MT used for EPR investigations are shown in Figs. 6-9 to 6-16. In addition low 
temperature MCD spectra were recorded for aqueous Co(II) in the same medium as 
that used for the MT studies. The MCD spectra under analogous conditions for 
aqueous Co(II) were found to be negligible compared to those observed for Co(II) 
bound by MT (data not shown). Therefore, in contrast to EPR studies, investigation 
of the nature of the paramagnetic Co(II) species present in Co(II) - substituted MT 
by low temperature MCD is not impeded by the presence of excess Co(II).
The results will be presented in two parts. First, the changes in the UV-visible 
absorption and temperature dependent MCD spectra with increasing Co(II) /  apoMT 
ratios will be discussed. Second the magnetic properties of the paramagnetic species 
that contribute to the temperature dependent MCD will be assessed via analysis of 
MCD magnetization data.
To facilitate comparison of the absoiption and MCD spectra for samples of 
Co(II) - substituted MT with varying Co(II) /  apoMT ratios composite figures have 
been prepared for both the S —> Co(II) charge transfer region and the Co(II) d-d 
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Figure 6 -9 . Room tem p era tu re  UV-visible absorp tion  and  low 
tem perature  MCD spectra of C o(II)j- MT. Conditions 
for UV-visible absorption spectrum: Protein(l.l x 10' 3 M) in 
0.5 M Tris-HCl, pH 7.0; with 40% glycerol. Conditions for 
MCD: Protein(l.lx 10 ' 3 M) in 0.5 M Tris-HCl, pH 7.0; with 
65% glycerol; magnetic field, 4.5 T; pathlength, 0.1806 cm; 
temperatures, 1.62 K, 4.22 K, 15.1 K, 31 K, and 71 
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Figure 6 -1 0 . Room temperature UV-visible absorption and low  
temperature MCD spectra of Co(II)2 -MT. Conditions 
forUV-visible absorption: Protein(l.l x 10"3 M) in 0.5 M 
Tris-HCl, pH 7.0; with 40% glycerol. Conditions for MCD: 
Protein ( l . lx  10‘3 M) in 0.5 M Tris-HCl; with 65% glycerol; 
magnetic field, 4.5 T; pathlength, 0.1659 cm; temperature, 
1.74 K, 4.22 K, 15.2 K, and 31 K(intensity of transitions 
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F igu re  6 -11 . Room tem p era tu re  UV-visible and  low tem p era tu re  
M CD sp e c tra  o f  C o (II ) 4  - M T. C onditions for 
UV-visible absorption spectrum: Protein( 1.1 x 10' 3 M) in 0.5 
M Tris-HCl, pH 7.0; with 40% glycerol. Conditions for 
MCD: Protein(l.l x 10"3 M) in 0.5 M Tris-HCl; with 65% 
glycerol; magnetic field, 4.5 T; pathlength, 0.1651 cm; 
tem peratures, 1.61 K, 4.22 K, 15.2K, 31 K, and 
67 K(intensity o f transitions increasing with decreasing 
temperature).
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F igu re  6 -1 2 . Room tem p era tu re  UV-visible and  low tem pera tu re  
M CD sp ec tra  o f  C o (II ) 5  ^ - M T. C onditions for 
UV-visible spectrum: Prote‘in(1.0 x 10' 3 M) in 0.5 M 
Tris-HCl, pH 7.0; with 40% glycerol. Conditions for MCD: 
Protein(1.0 x 10' 3  M) in 0.5 M Tris-HCl; with 65 % glycerol; 
magnetic field, 4.5 T; pathlength, 0.1638 cm; temperatures,
1.64 K, 4.22 K, 15.3 K, 30 K, and 71 K(intensity of 
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F ig u re  6 -13 . Room tem peratu re  UV-visible an d  low tem pera tu re  
M C D sp ec tra  o f C o (II ) 6  6  - M T. Conditions for 
UV-visible absorption spectrum: Protein(9.7 x 10"4  M) in 0.5 
M Tris-HCl, pH 7.0; with 40% glycerol. Conditions for 
MCD: Protein(9.7 x 10-4 M) in 0.5 M Tris-HCl, pH 7.0; with 
65% glycerol; magnetic field, 4.5 T; pathlength, 0.1664 cm; 
tem perature, 1.65 K, 4.22 K, 15.3 K, 30K, and 
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F ig u re  6 -1 4 . Room  tem p era tu re  UV-visible abso rp tion  and  low 
tem perature  MCD spectra of C o(II)7  - MT. Conditions 
for UV-visible absorption: Protein(l.l x 10'3 M) in 0.5 M 
Tris-HCl, pH 7.0; with 40% glycerol. Conditions for MCD: 
Protein(l.l x 10'3 M) in 0.5 M Tris-HCl; with 76 % glycerol; 
magnetic field, 4.5 T; pathlength, 0.1664 cm; temperatures,
1.65 K, 4.22 K, 15.2 K, 31 K, 78 K, and 106 K(intensity of 
transitions increasing with decreasing temperature).
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F ig u re  6 -1 5 . Room tem p era tu re  UV-visible and  low tem pera tu re  
M CD sp e c tra  o f C o (II ) 1 0  - MT. C onditions for 
UV-visible absorption spectrum: Protein(l.l x 10"3 M) in 0.5 
M Tris-HCl, pH 7.0; with 40% glycerol. Conditions for 
MCD: Protein(l.lx  10'3 M) in 0.5 M Tris-H Cl; with 63% 
glycerol; magnetic field, 4.5 T; pathlength, 0.1638 cm; 
tem peratures, 1.61 K, 4.22 K, 15.2 K, 32 K, 














F igu re  6 -1 6 . Room tem p era tu re  UV-visible an d  low tem pera tu re  
M CD sp ec tra  o f C o (I I ) i5  - M T. C onditions for 
UV-visible absorption spectrum:Trotein(1.0 x 10' 3 M) in 0.5 
M Tris-HCl, pH 7.0; with 40% glycerol. Conditions for 
MCD: Protein(1.0x 10 ' 3 M) in 0.5 M Tris-HCl; with 65 % 
glycerol; magnetic field, 4.5 T; pathlength, 0.1636 cm; 
temperatures, 4.22 K, 15.3 K, 32 K, and 74 K(intensity of 
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F ig u re  6 -1 7 . A bsorption spectra  of the  charge tran sfe r region of 
rab b it liver Co(II) - M T II  as a function of Co(II) - 
to - protein ratio. Moles of Co(II) per mole of apoMT: a, 1; 
b, 2; c, 4; d, 5.5; e, 7; f, 10. (Samples with ratios of 6 .6  and 
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Figure 6 -1 8 . Low temperature MCD spectra of the charge transfer 
region of rabbit liver Co(II) - MT as a function of 
Co(II) - to - protein ratio. Moles of Co(II) per mole of 
apoMT: Top. a, 1 ( -••-); b, 2 ( ); c, 4 (— ); d, 5.5
(— ). Bottom, d, 5.5 (-—); e, 6.6 ( -•-); f , 7 ( —  ); 
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F igu re  6 -1 9 . A bsorption spectra  of the d-d region of rab b it liver 
Co(II) - M T as a function o f Co(II) - to  - protein 
ratio. Moles of Co(II) per mole of apoMT: a, 1; b, 2; c, 4; 
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Figure 6-20 .  Low temperature MCD spectra of the d-d region of 
rabbit liver Co(II) - MT as a function of Co(II) - to- 
protein ratio. Moles o f Co(II) per mole of apoMT: Top. a, 1 
( - - -  ); b, 2 ( c, 4 (— ); d, 5.5 ( —- ). Bottom, d, 
5.5 e, 6 . 6  ( -  ); f, 7 (— ); g, 10 ( ).
Conditions: magnetic field, 4.5 T; temperature, 4.22 K.
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at 4.5 T, respectively, in the CT region, i.e., 200-500 nm. Figures 6-19 and
6-20 show a comparison of the absorption and MCD spectra at 4.5 T, respectively, 
in the the d-d region, i.e., 500 - 800 nm . The data for these two spectral regions 
are discussed separately below.
The electronic absorption features emerging in the charge transfer region are 
shown in Fig. 6-17. The absorption bands are attributed to S —> Co charge 
transfer transitions and the data are in good agreement with those published by 
Vasak and Kagi (76). In spite of the apparent similarity of the various profiles, there 
are distinct changes attending the increase of metal occupancy. Upon the addition of 
the first two Co(II) equivalents to apoMT, the absorption envelope reveals two 
charge transfer maxima at 305 and 370 nm. The intensity of the spectrum increased 
linearly with Co(H) concentration on binding up to 2 equivalents, consistent with the 
formation of noninteracting mononuclear Co(II) tetrathiolate complexes. Upon 
further addition of Co(II), there are no qualitative changes discernible up to 4 
equivalents added (Fig. 6-17, spectra a-c). Thereafter, further addition of Co(II) 
results in a progressive shift of maxima at 305 and shoulder at 370 nm for Co(n) 2  - 
MT to 322 and 390 nm for the fully metal saturated MT (Fig. 6-17, spectra d-f). 
Further addition of Co(H) ions to 15 equivalents of Co(II) did not significantly affect 
the form of the spectra.
Spectral differences exhibited by the partially and fully saturated forms of Co(H)
- MT II can be accounted for using composites of spectra from tetrahedral 
mononuclear, and binuclear and tetranuclear cobalt(II) thiolate complexes. 
Absorption spectra of [Co(SEt)4]2‘ show a shoulder at 345 and 290 nm whereas
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[Co4 (SEt)10]2'  displays a bathochromic shift of these bands to 385 and 340 nm, 
respectively. Similar shifts in absorption bands were observed by Dance et al 
.(134) in studies of Co(II) benzenethiolate complexes. The mononuclear complex 
contains only terminal sulfur ligands, while the tetranuclear complex is made up of 
four terminal and six bridging sulfurs. The red shift in the absorption spectrum 
reflects the stronger polarization to which the bridging thiolate ligands are subjected 
by coordination to two Co(II) ions. Thus, the spectroscopic changes occurring on 
titration of apoMT with Co(II) salts imply that with increasing Co(H) - to - apoMT 
ratios, some terminal thiolate ligands are transformed into bridging ligands, thereby 
manifesting the generation of Co(II) thiolate cluster structures.
The same conclusion can be drawn from corresponding low temperature MCD 
spectra (Fig. 6-18). However, MCD provides much greater detail wijth regard to the 
pathway of metal binding and cluster formation. MCD spectra of Co(II) - MT with 
up to 2 equivalents of Co(II) are very similar to those of mononuclear tetrahedral 
Co(II) thiolate complexes (Figs. 4-6,4-10,4-11) and cobalt (II) - substituted 
rubredoxins (Figs. 5-10,5-14,5-16). The MCD spectra showed positive bands at 
ca. 370, and negative bands at 331 (shoulder) and 316 nm (Fig.6-18, spectra a 
andb). Especially significant is the presence of the positive band at 370 nm which 
appears to be diagnostic of S —> Co charge transfer transition in mononuclear 
cobalt (II) tetrathiolate centers. The intensity of the low temperature. MCD spectrum 
on binding up to 2 equivalents of Co(II), as in the UV-visible absorption, increased 
linearly with Co(II) concentration. This suggests that the first two Co(II) 
equivalents go into completely magnetically noninteracting sites, each made up of 4
241
terminal thiolate ligands. Significant spectral changes occur on further addition of 
Co(II) to yield the fully metal saturated Co(II) - MT. The most noticeable 
differences are the decrease in the charge transfer associated with the monomeric 
species. Concomitantly, a shoulder at 405 nm appears for 4 equivalents and for 
higher Co(II) /  protein ratios a band of lower energy at 416 nm becomes the 
dominant positive MCD band in charge transfer region. Likewise the maxima of the 
negative MCD band shifts the lower energy and decreases in intensity for Co(II) /  
protein ratios > 2. Synthetic mononuclear cobalt(II) thiolate complexes and Co(II) - 
substituted rubredoxins do not exhibit a band at ca. 415 nm. However, such a 
band, albeit temperature-independent, has been observed for [Co4 (SEt)10]2'. 
Studies with [Co(SEt)4]2‘ and [Co(SPh)4]2', in which a shift in the solution 
equilibrium toward bridging species had been caused by exposure to H20 , showed 
an absorption band at ca. 415 nm. Room temperature MCD studies of 
[Co4 (SPh)10]2'  (136), fully metal saturated rabbit liver (65), equine kidney (6 6 ), 
and a  fragment of rabbit liver (133) Co(II) - substituted metallothioneins, and 
Co(II) complexes of cysteine containing peptides (136) also show a band at ca. 415 
nm. Therefore, the positive band at 415 nm is considered to be ind of charge 
transfer transitions from bridging thiolates and the appearance of this feature together 
with the decrease in the MCD intensity at 370 nm signals the formation of Co(II) 
clustered structures.
The effect of increasing Co(II) to apoMT ratios on the absorption spectrum in 
the d-d region is shown in Fig. 6-19. Once again the data are in good agreement 
with that reported by Vasak and Kagi (76). The absorption features of Co(II) - MT
occupied incompletely by Co(II) resemble those of the fully metal occupied Co(II) - 
MT and are typical of tetrahedral tetrathiolate coordination. The resolved d-d pattern 
is assigned to the spin allowed and symmetry forbidden (V3 ) 4A2  —> 4 T 1(P) d-d 
transition. The transition is split into 3 or 4 components as a result of low symmetry 
crystal fields and spin orbit coupling removing the degeneracy in in the 4Tj(P) 
excited state. There are, however some distinct spectral changes which develop with 
the filling up of the metal binding sites by Co(II) ions. Up to binding of 4 
equivalents of Co(II), the d-d profile increases without appreciable alteration of 
shape (Fig. 6-19, spectra a-c). However, a broad intense absorption between 
500-600 nm was observed for binding of greater than 2 equivalents of Co(II). A 
similar broad intense absorption between 500 and 600 nm was observed for 
[Co2 (SEt)6]2'  and [Co4 (SEt)10]2" (see Chapter 4), whereas mononuclear complexes 
do not have any substantial absorption in this region. The presence of H20  in the 
solvents of mononuclear complexes, [Co(SEt)4]2_ and [Co(SPh)4]2', affected the 
solvent equilibria between mono-, bi-, and tetranuclear complexes and resulted in an 
increased absorption in 500-600 nm region. Dance et a l . (134) observed a similar 
broad absorption for tetranuclear Co(II) benzenethiolate complexes. Thus, the 
presence of the broad absorption band trailing between 500-600 nm beyond 2 
equivalents is thought to be indicative of the coexistence of terminal and bridging 
thiolates.
Addition of the remaining 3 equivalents of Co(II) to apoMT alters the positions 
and relative intensities of the components of the 4 A2  —> 4 Tj(P) d-d transition. This 
is reflected in the shifts from 615, 685, and 740 nm to 600, 690, and 745 nm, and
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changes in the relative intensities of the 690 and 740 nm maxima. Differences 
comparable to those exhibited by the partially and fully metal saturated Co(H) - MT 
were observed in the spectra of [Co(SEt)4]2‘ and [Co4 (SEt)10]2'.  Studies of Co(II) 
thiolate complexes showed better separation of bands belonging to 4A2 —> 4 Tj(P) 
transition for the binuclear and tetranuclear complexes that for the mononuclear 
complex. An increased splitting of the 4 A2  —> 4TX(P) envelope was also observed 
for [Co4 (SPh)10]2'. The increased splitting of 4 A 2  —> 4 Tj(P) envelope is 
attributed to Co(13) coordinated to bridging and terminal thiolates.
A progressive blue shift of the high energy d-d bands from 630 nm for 
[Co(SEt)4]2", 620 nm for [Co2 (SEt)6]2“, to 610 nm for [Co4 (SEt)10]2'  was 
observed (see Chapter 4). A similar shift was observed by Dance et a l . (134) in 
studies of Co(II) benzenethiolate complexes. Therefore, the shift in the d-d 
absorption bands to higher energy also appears to be consequence of the formation 
of Co(II) cluster structures upon filling of the metal binding sites of Co(II) - MT.
The low temperature MCD spectra of the d-d region of Co(II) - MT with 
different Co - to - apoMT ratios are shown in Fig. 6-20. The MCD bands of Co(II)
- MT occupied incompletely by Co(II) and those of fully metal occupied Co(II) -MT 
are similar and are typical of tetrahedral coordination of Co(II) ion. However, there 
are some distinct spectral changes developing with the saturation of the metal 
binding sites by Co(II) ions. The MCD spectrum of Co(II)j - MT shows two 
negative bands at 708 and 670 nm, and a small positive band at 610 nm. Upon 
loading the metal binding sites with Co(II), there are no qualitative changes 
discernible up to 4 equivalents added (Fig. 6-20, spectra a-c). However, the
intensity of the spectra increased linearly up to binding of 2 equivalents o f Co(II), 
but did not show any significant increase on going from 2 to 4 equivalents of Co(II). 
Addition of Co(II) beyond 4 equivalents alters the positions of the components of 
4A2  —> 4T 1(P) d-d transition and is marked by a decrease in the temperature 
dependent MCD intensity. In particular the bands at 708 and 670 nm shifts to 724 
and 6 6 6  nm, with a concomitant change in the relative intensities of the 670 and 708 
nm bands. The occurrence of distinct spectral changes above 4 equivalents of Co(II) 
bound per protein is also reflected by the emergence of negative shoulder at 756 nm 
and loss of the positive band at 610 nm. The anticipated effect on the d-d low 
temperature MCD spectra on changing from mononuclear Co(II) thiolate complexes 
with terminal thiolates to multinuclear Co(II) thiolate structures with bridging and 
terminal thiolates may be gauged by comparing the data for [Co(SEt)4]2- and 
[Co4 (SEt)10]2'. (It should be remembered that the MCD spectra for [Co4 (SEt)10]2' 
are largely temperature independent). Such a comparison reveals that the shifts and 
loss in MCD intensity that occur with increasing Co(II) /  apoMT ratios are consistent 
with the onset of cluster formation involving bridging thiolates at a ratio somewhere 
between 2 and 4.
The magnetic properties of the paramagnetic Co(II) thiolate centers in Co(II) - 
substituted MT were assessed by investigating the temperature and magnetic field 
dependence of discrete MCD bands. Inspection of the MCD spectra of all levels of 
Co(II) incorporation, Fig.s 6-9 to 6-16, reveals that paramagnetic species are always 
present, since the MCD spectra are invariably temperature dependent. This leads 
immediately to the conclusion that at least one of the Co(II) thiolate clusters in the
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fully loaded MT is paramagnetic.
Identical MCD magnetization curves were obtained for samples with Co(II) /  
apoMT ratios of 1 and 2. The data at 331, 371 and 672 nm for the latter sample is 
shown in Fig. 6-21. The data recorded at each individual temperature does not lie 
on a smooth curve. This indicates the population of low lying states, which is 
consistent with a zero field split S = 3/2 ground state. Furthermore the data at the 
lowest temperature, when only the lowest zero field doublet is populated, is well fit 
by theoretical curves based on the EPR-determined g-values, provided the 
polarization of the transitions is allowed to vary. Clearly the magnetization data are 
in accord with the EPR data; both indicate an S = 3/2 ground state for monomeric 
Co(II) in tetrahedral thiolate coordination.
Magnetization curves were collected for each sample investigated by MCD. 
However, since the samples with Co(II) /  apoMT ratios between 4 and 6 .6  most 
likely contain mixtures of paramagnetic species in variable proportions (see below), 
it is only possible to analyze the data in detail for the fully loaded forms, i.e ., ratios 
of 7, 10, or 15. MCD magnetization data for the sample with Co(II) /  apoMT ratio 
of 10 at 334,416, and 672 nm are shown in Fig. 6-22. Similar data were obtained 
for Co(II) /  apoMT ratios of 7 and 15. The nesting of the data, i .e ., data collected at 
different temperature lying on a separate curves, is much more pronounced than for 
samples with Co(II) /  apoMT ratios of 1 or 2, suggesting that the separation of low 
lying energy states is much less in this case. The magnetization data at the lowest 
temperature is well fit by theoretical curves constructed from the EPR observed 






















X = 672 nm
F igure  6 -21 . MCD m agnetization fo r C o (n )2  -MT. Sample as per 
figure 5 -10. Temperatures: 1.74 K ( x ); 4.22 K (•); 15.2 K 
( A ); wavelengths as indicated; magnetic fields between 0  and 
4.5 T. Solid lines indicate theoretical magnetization curves 
with g . j =  5.95, g, = 2.97 and polarization ratios of nu/m , =
- 5 at 672 nm, nQ m + = -1  at 371 nm and mz/m+ = - 5 a t 331 
nm. The magnetization data were corrected for any 
















X = 672 nm
/?B/2kT
Figure 6-22 . MCD magnetization for C o(II)in - M T. Sample as per 
figure 6-15. Temperatures: 1.61 K { x ); 4.22 K ( •  ); 15.2 K 
( A ); wavelengths as indicated; magnetic fields between 0  and 
4.5 T. Solid lines indicated theoretical magnetization curves 
with g n= 1.48, g ± = 4.95 and polarization ratios of m jm + = 0 
at672nm , mz/m+ = 0 at 416 nm, and mz/m+ =+0.02 at 334 
nm. The magnetization data were corrected for any 
temperature-independent contribution (see Chapter 3).
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Therefore, it can be concluded the paramagnet responsible for the EPR signal in the 
fully loaded Co(II) - MT is also responsible for the temperature dependence of the 
MCD spectrum. The paramagnetic species has a S = 3/2 ground state with zero field 
splitting smaller than that of the monomeric Co(II) tetrathiolate species.
From the arguments presented above this paramagnetic center must be a Co(II) 
thiolate cluster with an odd number of Co(II) centers. By analogy with the detailed 
structural studies (51) of Cd,Zn - MT, this paramagnetic species is attributed to the 
trinuclear Co(II) cluster. The remaining four Co(II) ions in the fully loaded MT, 
therefore, must reside in a cluster with a diamagnetic S = 0 ground state. Such a 
cluster would not be expected to exhibit EPR signals or temperature-dependent MCD 
bands. Support for this hypothesis comes from the EPR and low temperature MCD 
studies of the adamantane type cluster, [Co4 (SEt)10]2" (see Chapter 4). MCD 
studies showed this cluster to have an S = 0 ground state as a result of 
antiferromagnetic coupling between the high spin Co(II) ions, with an S = 1 state 
6 6 cm" 1 higher in energy. The resulting MCD spectrum is effectively temperature 
independent and much weaker than that of a paramagnetic cluster (Ae values in the 
d-d region less than 25 M" 1 cm ' 1 at 4.5 T and 1.6 K). Comparison of high 
temperature MCD spectrum of fully loaded Co(II) - MT (e.g 106 K, see Fig. 6-14, 
or room temperature, see ref. 6 6  where the contribution from the paramagnetic 
trinuclear cluster has been minimized) with that of [Co4 (SEt)10]2" under comparable 
conditions does indeed reveal a close correspondence in form and intensity. 
Therefore it can be concluded that the fully loaded form of Co(II) - substituted MT 
contains a novel S = 3/2 , trinuclear Co(II) thiolate cluster and an tetranuclear
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adamantane-type Co(II) thiolate cluster with an S = 0 ground state.
6.3 DISCUSSION
The purpose of this study was to elucidate the electronic and magnetic properties 
of constituent cobalt centers in MT that arise on the stepwise incorporation of Co(II) 
into apoMT from rabbit liver to gain insight into the pathway of metal incoiporation 
and cluster formation. Interpretation of the results has been facilitated by parallel 
spectroscopic studies of synthetic cobalt thiolate complexes, i.e. [C o ^ -o -x y l^ ]2', 
[Co(SR)4]2‘, and [Co4 (SR)10]2"; R = SEt or SPh, and cobalt (II) - substituted 
rubredoxins. The results are of fundamental importance both to the development of 
low temperature MCD spectroscopy for elucidating the electronic ground state 
information from paramagnetic chromophores, and to elucidation of the mechanism 
of assembly of the constituent cobalt(II) thiolate clusters.
The results discussed above have, for the first time, provided insight into the 
magnetic properties of Co(II) thiolate clusters in fully loaded Co(II) - substituted 
MT. The magnetic data are completely in accord with the presence of trinuclear and 
tetranuclear clusters in the fully metal saturated form. Antiferromagnetic coupling 
between the Co(II) ions results in S = 3/2 and S = 0 ground states for the trinuclear 
and tetranuclear cluster, respectively. Moreover, since only the trinuclear cluster is 
paramagnetic with temperature-dependent MCD bands, quite distinct from those of 
the mononuclear Co(II) tetrathiolate species, low temperature MCD spectroscopy 
provides an excellent method to monitor the assembly of this center.
Examination of electronic absorption and low temperature MCD, and EPR
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spectra at various stages of metal occupancy suggests that the first equivalent of 
Co(II) forms a paramagnetic mononuclear cobalt tetrathiolate complex. The low 
temperature MCD spectrum from this species is shown in Fig. 6-23, spectrum a.
The first two Co(II) equivalents go into completely magnetically noninteracting 
sites, each made of up four terminal thiolate ligands as evidenced by the retention of 
EPR, UV-visible absorption, and MCD spectra identical to the mononuclear 
tetrahedral Co(II) thiolate complex. In addition, there is a the linear increase in the 
intensities of the spectra with Co(II).
The shift of the high field absorption peak in the EPR spectra to a g-value of 
2.0 and the emergence of the MCD band at 405 nm on binding of 4 equivalents of 
Co(II) is consistent with the transformation of some terminal thiolate ligands to 
bridging thiolates resulting in the formation of a paramagnetic clustered species. The 
shift of the high field absorption band in the EPR is not a sharp transition from that 
for mononuclear Co(II) tetrathiolate species to that of the trinuclear species, 
suggesting the presence of a clustered species of intermediate nuclearity. The MCD 
spectra of samples with Co(II) /  apoMT ratio of 4 could not be simulated with a 
composite of spectra from the mononuclear and trinuclear (fully metal saturated) 
species. This is consistent with a paramagnetic species of intermediate nuclearity, 
most probably a binuclear or linear trinuclear species.
To obtain an idea of the form of the temperature-dependent MCD spectrum 
arising from these intermediate species, the contribution from the mononuclear 
species was subtracted from the MCD spectrum of Co(II) - MT with 4 equivalents 
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species of intermediate nuclearity is shown in Fig. 6-24, top. The spectrum is quite 
distinct from that of any other Co(II) thiolate species detected thus far by low 
temperature MCD (see Fig. 6-23).UV - visible absorption and low temperature 
EPR, and MCD spectra of Co(II) - MT with 5.5 equivalents of Co(II) is consistent 
with the presence of at least two paramagnetic S = 3/2 species, the mononuclear and 
the trinuclear clusters. Support for the trinuclear cluster at this stage is as follows: 
l)the changes in UV - visible absorption spectra above 4 equivalents of Co(II) 
indicating cluster formation; 2) the shift in high field absorption peak of the EPR 
spectrum to 1.6; and 3) the changes in MCD spectra. The shift in MCD band at ca. 
412 nm , the emergence o f the negative shoulder at 562 nm, and the change in 
relative intensities of 332 and 316 nm MCD bands indicate the formation of the 
paramagnetic trinuclear cluster. The MCD spectrum of the trinuclear cluster is shown 
in Fig. 6  -23, spectrum c.
For completeness, the probable form of the temperature-dependent MCD 
spectrum of the tetranuclear Co(II) thiolate cluster in fully loaded Co(H) - MT is also 
shown in Fig. 6-23, spectrum d. It was generated by subtracting the estimated 
temperature dependent contribution from the MCD spectrum of CoCtl)^ - MT at 106 
K. Unfortunately, with the data obtained in this work it is difficult to come to any 
definitive conclusions concerning the assembly of the tetranuclear cluster, due to its 
diamagnetism. However, the loss in paramagnetism on going from Co(II) /  apoMT 
ratios of 2 to 4, as evidenced by both the EPR and MCD data, does indicate the 
formation of diamagnetic clusters early in the titration process. Whether these
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clusters arc tetranuclear or diamagnetic clusters of lower nuclearity is not possible to 
ascertain at the present time.
Based on the above results it appears that the reconstitution of Co(II) 7 - MT is a 
multistep process. The emergence of the trinuclear species (cluster B) is clearly 
preceded by the formation of Co complexes of intermediate nuclearity. Studies of 
Co(II) - MTs with equivalents of Co(II) between 2 and 5.5 are needed before 
conclusions with regard to cooperativity of the binding of Co(II) can be made.
On basis of their identification of only a single intermediate in Cd repletion of 
MT, Nielson and Winge (107) suggested that in vitro renaturing of apo - MT with 
Cd proceeds by a compulsory two step process in which the first 4 equivalents of 
Cd is bound in the COOH -terminal domain (cluster A) and the last 3 equivalents in 
the NH2  - terminal domain (cluster B). For each domain, Cd binding was proposed 
to be strictly cooperative, thereby excluding intermediates other than the Cd4  - MT 
species in which cluster A is occupied selectively. This is in marked contrast to the 
data presented in this work.
On the basis of a differential modification study of complete reconstitution of Cd7 - 
MT, Bernhard et a l . (109) proposed a multistep process for metal binding. His 
model involves both stoichastic and ordered events with the emergence of the 
cluster A, preceded by the formation of complexes of Cd with groups of cysteines 
selected at random along the polypeptide chain. Cooperativity was suggested as 
ordering principle only after the options for the formation of separate metal 
tetrathiolate complexes was exhausted. Stillman e ta l . (1 1 0 ) proposed a similar 
distributed manner for the binding of Cd in Zn - MT. This is in agreement with the
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multistep process suggested by the data presented in this work.
The data presented in this work for Co(II) substitution of apoMT are in 
agreement with work of Vasak et al . (76) which shows that the first few 
equivalents of Co are bound to the polypeptide chain by forming mononuclear 
tetrathiolate complexes. The implication emerging from these data is that the 
generation of the Co(II) thiolate cluster structures in MT is a probabilistic process 
modulated by the constraints and the chemical forces effective in the system. These 
results suggest that the pathways followed will depend both on the metal species and 
on the choice of experimental conditions.
The above picture of the process of binding of Co(II) in apoMT should be 
viewed in the spirit of a working model at present. Further MCD experiments with 
Co(II) - MT at various ratios of Co - to - apoMT are necessary to confirm or refute 
this model.
In conclusion, low temperature MCD studies of Co(II) - MTs have turned out to 
be particularly informative concerning the types of cobalt centers that are present 
during titration of apoMT with Co(II). These results have established low 
temperature MCD as a valuable technique for selectively investigating the optical and 
magnetic properties associated with constituent cobalt centers of Co(II) - MTs. Of 
particular importance is that the low temperature MCD results has provided the first 
evidence for the paramagnetic trinuclear cluster in the fully loaded Co(II) - MT, as 
well as evidence for an S = 3/2 electronic ground state. Moreover, the technique has 
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